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PREFACE. 

The present volume has bwn prepared with the special object 
of giving the beginner and the so-called practical electrician a 
working knowledge of alternating current apparatus, so that he 
may know how to install and operate it intelligently. In most 
cases no argument is needed to convince the practical station man 
of the advantage of getting this working knowledge. But un- 
fortunately there eeems to be a general iiupreesion that no one who 
is not an expert mathematician or a college graduate can get much 
aeefnl information out of a book on alternating currents. Knowing 
only the rudiments of algebra, geometry, and trigonometry, the 
beginner soon gets beyond his'depth in a sea of advanced mathe- 
matics, becomes discouraged, and finally gives up in disgust. It 
is precisely for such that this book is written. It contains no 
mathematics beyond the simplest trigonometry, and great pains 
have been taken to make the descriptions, explanations and proofs 
simple and clear. Tlie reader is assumed to have some acquaintance 
with the simpler laws of electricity and magnetism. 

Graphical or geometric methods rather than analytical or 
algebraic methods have been adopted wherever possible, as will be 
seen in the repeated application of the "clock" diagram in deter- 
mining the relations between electromotive forces and currents in 
the various types of apparatus discussed. Abstract and arbitrary 
statements have been reduced to a miuimiini, and on the other hand 
a large variety of examples and numerical illustrations has been 
used throughout the text to reenforce the principles by concrete 
applications. 

In the opening articles the reader is made acquainted with 
the essential features of the source of alternating currents, the 
alternator, and through it is introduced to the new terms, definitions. 
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nnd eouceptions which rorni the alphabet of the alternating eiiriviit 
langnage. Attention is early called to the characteristic features 
of alternating current problems which caase them to differ from 
direct current problenia. Indeed the first twenty-eeveu articles 
may be considered the foundation upon which the rest of the hook 
is built. After the fundamental principles of alternating current 
working have been explained and illustrated, a description and 
discussion of the iiistniiiieuts used to measure alternating current, 
electromotive force and power, follow in natural sequence. The 
general plan which has been adopted in the treatment of the sub- 
sequent sections dealing successively with alternators, synchronous 
motors, transformers, rotary converters, and induction motors, is 
as follows: (a.) The physical theory of each class of apjiaratus is 
explained; (b) the applications, behavior and operation are discuss- 
ed; (c) the structural details of commercial types are illustrated; 
(d) the methods used in making the usual tests, and the calculations 
based thereon, are explained. 

In conclusion the author wishes to make grateful acknowledg- 
meQt of the constant help and inspiration he has received through- 
out this work from his friend and colleague, Dr. W. S, Franklin. 

William Esty. 
South Bethlehem, Pa. 
April 1005. 
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ALTERNATING CURRENT MACHINERY. 

PART I. 



THE SIMPLE ALTERNATOR. 

Alternating Electromotive Forces and Currents 

1. Definitions. The alternator is an arrangement by means 
' of which mechanical energy is Bsed to cause the magnetic 
Snz from a magnet to pass through the opening of a coil of wire 
first in one direction and then in tlie opposite direction. This 
varying magnetic flux induces an electromotive force In the coil, 
first in one direction and then in the other. This electromotive 
force, called an alternating electromotive force, produces an alter- 
nating current in the coil, and in the circuit which is connected to 
the terminals of the coil. 

In the common type of alternator, the above-mentioned magnet 
and coil move relatively to each other. Fig. 1 shows the essential 
features of such an alternator. The poles N, S, N, S, etc., of a 
multipolar magnet called the field magnet, project radially inwards 
toward the passing teeth a a a ot a. rotating mass A of laminated 
iron; and upon these teeth are wound coils of wire e e, in which 
the alternating electromotive force is induced. The rotating mass 
of iron with its windings of wire is called the armature. On 
the armature shaft (not shown in the figure), at one end of the 
armature, are mounted two insulated metal rings )■ r, called collect- 
ing rings. These metal rings are connected to the ends of the 
armature winding, niid metal brushes b h rub on these rings, thus 
keeping the ends of the armature winding in continuous contact 
with the terminals of the external circuit to which the alternator 
supplies alternating current. No external circuit is shown In 
the figure. 

The electromotive forces induced in adjacent armature coils 
are in opposit*^ directions at each instjvnt, and the coils are so 
coimected together that these electromotive forces do not oppooe 
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4 ALTERNATING CURRENT MACHINERY 

each other. This ia done by reversing the connections of every 
alternate coil, as indicated by the dotted lines connecting the coils 
in Fig. I. The electromagnetic action of this type of altomator 
depends only upon the relative motion of field magnet and 
armatnre, and large machines are often built with stationary arma- 
tnre and revolving field magnet. In the type of machine 
illoBtrated in Fig. 1, the armature revolves while the field magnet 
is stationary. This type, called the revolving-armature type, is 
generally ailopttxl in small alternators. 




Fig.l. 

The field magnet of an alternator is nsually an electro-magnet 
which is excited by a continuous electric current supplied by an 
independent generator, generally by an auxiliary continuous- 
current dynamo, called the exciter. The exciting current flows 
through coils of wire wound on the projecting poles N, S, N, S 
of the field magnet. These coils are not shown in Fig. 1. 

Armature Cores and- Armature Windings. The type of 
armature -core shown in Fig. 1 is called the toothed armature core; 
and the winding is said to be concentrated^that is, the armature 
conductors are grouped in a few heavy bunches. Armature cores 
are also made with many smEill slots, in which the armature 
conductors are grouped in small bunches. This tjrpe of core is 
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ALTERNATING CURRENT MACHINERY 5 

called a multi-slotted core, and the winding Ib said to be dis- 
tritMited. The varione types of armatnrewindings are described 
farther on. 

In some of the earlier types of alternators the armature core 
consisted of a smooth, cylindrical mass of laminated iron, upon 
the face of which the conductors were airai^ed in bands side by 
side, one layer or more in depth. This type of armature is called 
the smooth-core armatnro. 

2. Cycle, Frequency, and Period. The electromotive force 
of an alternator passes through a set of positive values while a 
given coil of the armature is passing from a south to a north pole 
of the field magnet, and through a similar set of negative values while 
the coil is passing from a north to a south pole. The complete set 
of values, including positive and negative, through which an alter- 
nating electromotive force (or alternating current) repeatedly 
passes, is called a cycle. The number of cycles per second is called 
the frequency. 

The fractional part of a second occupied by one cycle is called 
the periodic time, or period, of the alternating electromotive force 
or current. 

Let/ be the frequency in cycles per second, and T the periodic 
time expressed as a fraction of a second. Then 

/•=-T- (') 

.Example. If an alternating current has a frequency of 60 
cycles per second, the period, T, of one cycle is one-sixtieth of a 
second. 

Specification of Frequejicy in Terms of ,the Number of 
Altemaiiona or Severaala in a Given Time. Frequency is 
sometimes expressed by stating the namber of alternations or 
reversals per minute. For example, an alternator having a frequen- 
cy of 133 cycles per second has 266 reversals or alternations per 
second, or 16,000 alternations per minute. Frequencies are some- 
times specified in alternations per minute, but specification in 
cycles per second is the more usual practice and is preferable. 
Cycles per second = alternations per minute -5- (2 X 60). 

3. Relations between Speed and Frequency. Let p be the 
number of poles of the field magnet of an alternating-current 
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t> ALTERNATING CURRENT MACHINERY 

machine; let n bu the speed of its armature in it^volntioiis [)er 
minute; and let ybe the frequency of its electromotive force in 
cycles per second, llien 

Examples. 1. A certain alternator has 10 poles, and runs at 
1,500 revolutions per minute. What i8 its freqnency? 

Solution. Substituting 10 for^, and 1,500 for n, in equation 
2, we have 

„ 10 ^ 1500 ,._ , , 

/ = -n X -^ij=r- = 125 cycles per second. 

2. An alternator is to nm at 600 r, p. m. (revolutions per minute) 
and is to give a fn^queDcy of 60 cycles pi^r second. What number 
of poles is requirwiy 

Solution. Solving equation 2 forp, we have 

_ 2 X 60 X/ 
" n ' 

from which, substituting /";= 60, and 7t =^ 600, we have 
2 X 60 X 60 ,- , 
^ = 600 ^ ^^ P°'"^- 

4. Advantages and Disadvantages of Alternating Currents. 
The electric transmission of a given amount of power may be 
accomplished by a large current at low electromotive force, or by 
a small current at high electromotive force. In the Bret case very 
large and expensive transmission wires must be used, or the loss 
of power in the transmission line will be excessive. In the second 
case comparatively small and inexi>eneive traiismission wires 
may be used. Thus it is a practical ni'cessity to employ high 
electromotive forces in long-distance transmission of power. 

Example. It is desired to transmit 1,000 kilowatts of power 
over a distance of 10 miles, supposing that a loss in the line of 
10 per cent of the power delivered is considered permissible. This 
corresponds to 100 kilowatts loss. 

Solution. — Case 1. Suppose that the electromotive force at 
the receiving end of the line is to be 100 volts. Then the current 
would be 1,000,000 watts divided by 100 volts, or 10,000 amperes. 
The resistance of the line must bo such that the watts lost in the 
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ALTERNATING CTIRKENT MACHINERY 7 

line — namely 100,000 watt8— would be equal to RI*, bo that the 

W 
resistance R of the line most be -,j, or 0.001 ohm. This woold 

reqnirB two transmission wires each 10 miles long and 33 inches 
in diameter, or a total weight of 175,000 tons of copper, which would 
cost about 152,500,000. 

Case 2. Suppose that the electromotive force at the rec^ving 
end of the line is to be 1,000 volts. Then the current would be 
1,000,000 watts divided by 1,000 volts, or 1,000 amperes. The 
resiBtauce of the line must be such that the watts lost in the 
line — namely, 100,000 watts — would be equal to RI*, so -that the 
resistance R of the line must be 0.1 ohm. This would require two 
transmission wires, each 10 miles loi^ and 3.3 inches in diameter, 
or a total weight of 1,750 tons of copper, which would cost about 
$525,000. 

Case 3. Suppose that the electromotive force at the receiving 
end of the line is to be 10,000 volts. Then the current would be 
1,000,000 watts divided by 10,000 volts, or 100 amperes. The 
resistance of the line must be such that the watts lost in the line 
— namely 100,000 watts— would be equal to RP, so that the 
resistance R of the line must be 10 ohms. This would require two 
transmission wires, each 10 miles long and 0.33 inch in diameter, 
or a total we^ht of 17.5 tons of copper, which would cost about 
$5,250. 

These results are summarized in the following table: 



TABLB 1. 
Size and Cost of Copper Wire. 

To Innsmil 1.000 kilovralts a distance of 10 mile, (one way) wilh a line loss equal lo 10 percent 
ol Ihc power delivered, lor three dlRerent values of electron! olive iorce. 


Volts at 

recaiving 

end ol line. 

(E) 


Amperes 
line. 

(I) 


Obnm 
in 

(R) 


Diameter 

of 

wire, 

in inches. 


Weight 

wire, 
in tons. 


Cost of line 
dollare. 


100 
IflOO 
10,000 


10,000 

1,000 

100 


0.001 
0.1 
10,0 


33 
3.3 
0.33 


175,000 

1,750 
17.5 


52,500,000 

525,000 
5,250 
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8 ALTERNATING CURRENT MACHINERY 

High electromotive forces are dangerous under the conditions 
that ordinarily obtain among users of electric light and power; 
and many types of apparatus, such aa incandescent lamps, operate 
satisfactorily only with medium or low electromotive forces. 
Therefore means must be provided, at a receiving station, for 
transforming the power delivered, from high electromotive force 
and small current to low electromotive force and laige current, 
if long-distance transmisBion is to be successful. This is called 
step-down transformation. The advantage of the alternating 
current over the direct current lies almost wholly in the cheapness 
of construction and of operation, and in the high efficiency of the 
alternating-current as compared with the direct-current apparatus 
that is required for transformation. 

In step-down transformation of direct current, a motor takes 
a small current from the high -electromotive-force transmission 
mains, and drives a dynamo which delivers large current to service 
mains at low electromotive force. This apparatus, or its equivalent, 
the dynamotor, is expensive to construct; it requires attention 
in operation; and its efficiency is never, perha{)&, above 90 per cent. 

The step-down transformation of alternating currents is 
accomplished by means of the alternating-current transformer, 
which is described later on. The alternating-current transformer 
ia very much cheaper than a dynamo and motor of the same 
output; it requires no attention in operation; and its efficiency 
under full load is usually greater than 97 per cent, especially in 
large sizes. 

The alternating current has some minor advantages over tfie 
direct current on account of the fact that alternating-current 
machines are frequently simpler in construction than direct-current 
machines. In particular, the commutator is not an essential part 
of an alternating-current machine. In the case of the inductor 
alternator and the induction motor, again, the rotating part may 
not have any sliding electrical contacts whatever. 

The simple single-phase alternating current is not very well 
suited to motor service. The 8 ingle- phase nltt^mating-current 
motor does not start satisfactorily in the case of large inachincB, 
although self.starting siiigle-i>hase motors up to pi?rhape 20 horse- 
power ar© in commercial use, where neither direct-current nor 
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polyphase altemftting-current machines are available. For uninter- 
rupted service the Bynchronoua motor is freqnently used; the 
starting being effected by an auxiliary engine or other independent 
mover. The synchronous motor is described in subsequent pages. 

The synchronous motor is not satisfactory when frequent 
starting is necessary. For such service the induction motor is 
used. The induction motor also is described later on. The simple 
induction motor, to start satisfactorily, must be supplied with two 
or more distinct alternating currents transmitted to the motor over 
separate lines. This is called the polyphase system of transmission, 
and is reserved for full treatment in later pages. 

For some purposes, especially for the electrolytic processes 
used on a lai^ scale in electro-chemical works, only direct current 
con be used. When power transmitted by alternating current is 
to be delivered in the form of direct current, the conversion 
is effected by means of the rotary converter, also described below. 

5. Characteristic Features of Alternatlng-Curreat Problems.* 
In direct-current work the electrical engineer is concerned with the 
relations between electromotive force, resistance, current, and 
power. These relations are determined by the applications of the 
following laws: 

Power Law, 

P = E I, (3) 

in which P is the total power in watts delivered to a circuit by a 
generator of which the terminal electromotive force is E volts, 
when it prodnces a current of I amperes. 

Ohm's Law. 

in which I amperes is the steady current produced by E volts 
acting on a circuit of R ohms resistance. 
Joule's Law, 

p = R I^ (5) 

in which P is the power in watts expended in heating a circuit of 
R ohms resistance, when a current of I amperes is forced througli 
the circuit. 

* Note. For dclinitioii!) and oiplanationa of the new t^nns umpiI in tbiH 
article, see later paragraphs, b]so the HUcceoding discusBioa on "Harmonic 
Electromotive PorceM ond Curront,s." 
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Klrchhoff's Laws. 

1. When & circuit braDches, the current in the main circuit 
is t>qual to thti sum of the currents in the separate branches. 

2a. When two or more sources of electromotive force are 
connect*^! in series, the total electromotive forct; is the sum of the 
individual electromotive forcus. 

ah. When an electromotive force acts on a number of 
elements or things in series, it is subdivided into parte, each of 
which acts upon one of the elements, and the snm of these parts is 
equal to the total electromotive force. For example, an arc-light 
dynamo of which the terminal electromotive force is 8,000 volts, 
acta on ttO similar arc liimiB connected in series. Neglecting the 
resistance of the connecting wires, each lamp is acted upon by one- 
sixtieth of the total electromotive force, or by 50 volts. 

In alternating-current work the electrical engineer is likewise 
concerned with the relations between electromotive force, resis- 
tance, current, and power. These relations are determined by the 
application of the same fimdamental laws as in case of direct 
currents, but in more or less modified forms.* A summary of the 
fundamental laws of alternating currents is here given simply for 
purposes of comimrison : 

Power Law, for Alternating-Current Circuits. 
P = E I Cos tf, (6) 

in which P is the power in watts delivered to a circuit by an 
alternator of which the "effective" terminal electromotive force is 
E volts, when it produces an "effective" current of I amperes in a 
circuit, and Oob is what is called the "power factor" of the 
circuit. 

Ohm's Law, (or Alternating-Current Circuits. 

in which I is the "effective" current in amperes produced by an 

* NoTB. The.se modifications of the rundamental laws and the meaning 
of the unfamiliar terms here u»ed, are fully discussed and explained at the 
end of this chapter and in the succeeding chapter; and the student is not 
expected to understand fully the reasons for the statements here given, until 
he has completed the tirst two chaptern. 
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"effective" electromotive force of E volte acting on a circnit of 
which the resistance is R ohms, and the "reactance" is X ohms. 

Joule's Law, for Alternating-Current Circuits. 
P = R I*,, (5) 

in which P is the power in watts espeiided in heating a circuit 
of R ohms resistance when an "efifective" alternating current of I 
amperes is forced through the circuit. 

Klrchhoff' s Laws, for Alternating-Current Circuits. 

1. When an altemating-cnrrent ciicalt branches, the "effective"' 
current in the main circuit is the "geometric"* (or "vector") sum 
of the "effective" currents in the separate branches. 




Pig. 2a. 

Example. An alternator A, Fig. 2a, supplies an effective 
CTirrent of I amperes in the main circtiit, which divides into two 
branches. The effective currents in the two branches are Ii 
and I» amperes respectively. The relation between I, Ii, and I» is 
shown in Fig. 2A. The angles <^i and ^ depend upon the relative 
values of the resistance and reactance of the respective branches, 
as is explained later. It is to be particularly noticed that the 
arithmetical sum of Ii and Is is in general greater than I. 

Sa. When two or more alternators (or transformer second- 
aries) are connecte'd in series, the total effective electromotive force 
is the "geometric" (or "vector") sum of the effective electromotive 
forces of the individual alternators. 

Example. Two alternators Ai and A», Fig. 3, of which the 

* 'ScfTE. Alternating electromotive forces and alternating currents are 
added in the name wny that forces are added, that in, by means of the principle 
known as the "parBllelogram of torceti." 
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12 ALTERKATING CURRENT MACHINKRY 

effective electromotive forces are Ei and Es resixictively, are 
connected in series to supply mains. Then the effective electro- 
motive force E, between mains, is the geometric sum of Ei and Eg, 
as shown in Fig. 4. The angle ^ dei>ends n]X)n the positions, 
relatively to the field magnets, of the armature coils on the 
respective machines, as is esijlainetl later. 




j'M^WNS 




Fig. a 

2b, When an alternating electromotive force E acts nix>n a 
number of elements or things in series, it is subdivided into jmrts, 
each of which acts upon one of the elements, and the "geometric" 
(or "vector") sum of these parts is equal to E. 

Example. Two coils h and c, Fig. 5, are connectt^l in series 
between mains supplied from an alternator, of which the effective 



_i_ 




MAIN 

FiR. 5. 
electromotive force is E. Then the totjil effective electromotive 
force E is subdividt^l into two jKirts Ei and E^, wliieh act iiixm the 
n'Sixictive coils; as indicjitcd in Fig. 5; and the "g<i>iiietric" (or 
"vtH^tor") smn of Ei and Ej is equal to E, Jis shown in Fig. f>. The 
angles 1^1 and ^ deix'iid ujx)n the relative resistance and 
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reactAnce of the respective coils. It is to be particularly noticed 
that the arithmetical sum of Eiand E^is in general greater thanE. 

6. Physical Basis of Differences between Direct-Current 
Calculations and Alternating-Current Calculations. The above- 
mentioned differences between direct-current and alternating- 
current calculations are due to the fact that an alternating current 
changes rapidly in valne, while a direct current is steady. A clear 
idea of the effects of the rapid changes of an alternating current 
may be obtained as follows: 

Fig. 7 represents an alternator producing alternating current 
in a circuit of wire; and Fig. 8 represents a valveless pump, of 
which the piston oscillates rapidly up and down, producing an 
alternating current of water in a circuit of pipe. The electromotive 
force of the alternator A not only has to overcome the resistauce 



RPE 



WIRE 



Pig. 7. 



Fig. 8. 



of the wire in order to cause an alternating current to surge back 
and forth through the circuit but it also has to overcome the 
electrical inertia of the circuit — first, in getting a pulse of current 
started; and then, in stopping this pulse of current and starting 
another in the reverse direction. The pressure developed by the 
pomp P not only has to overcome the frictional resiatance of the 
pipe in order to cause an alternating current of water to surge back 
and forth through the pipe, but it also has to overcome the inertia 
of the water in the pipe — first, in getting a pulse of water current 
started; and then, in stopping this pnlse of water current and 
starting another in the rcvorse dirL-ction. 

Fig. 9 represents an altt^mator producing alternating cum-nt 
in a circuit of wire which contains a oondcnsor 0; and Fig. 10 
represents a valveless pump producing an alternating current of 
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water io a circuit of pipe, which leads to a chamber H H, across 
which is stretched an elastic diaphragm D D. In this case the 
pressure develoiKjd by the ptmip has to overcome the frictional 
resistance of the pipe, the inertia of the watt^r, and the elastic 
reaction of the diaphragm D D; and the alternating electromotive 
force of the altfmator A, Fig. y, has to overcome the electrical 
resistance of the wire, the electrical inertia of the wire circuit, 
and the electro -elastic reaction of the insulating material (or 
dielectric) between the plates of the condenser. 

The electrical inertia of a circuit is called its inductance, and 
the electro-elasticity of a condenser is called its capacity. It is to 
these two things— inductance and capacity — that the peculiar 
features of alternating-current calculations are due. 

The effect of capacity is strikingly shown by the tact that an 
alternating current may be made to flow through a circuit which 



WIRE 



PIPE 



WIRE 






B 



PIPE 



Fig. 9. 



Fig. to. 



for direct cnrrcnts would be an ox^en circuit like that shown in 
Fig 9. Thns an alternator connected to long transmission luies 
which arc disconnected at the distant end and perfectly insulated 
from the ground, will send a perceptible alternating current into 
the lines, which can be measured by an alternating-current 
ammeter. In such a case the current is called the charsing 
current of the line; and it may amoimt to several amperes, 
according to the length of the line, the distance apart and size of 
wires, and the eh^-tromotive force of the alternator. 

7. Graphical Representation of Alternating Electromotive 
Forces and Currents. When an armature conductor of an alter- 
nator approaches a north pole of the field magnet, the electro- 
motive force of the machine rises in v-alue as the conductor enters 
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the strong field imdor the pole; and the electromotive force falls 
in value as the condnctor passes from under the pole. As the 
conductor passes the point midway between two adjacent {wles, the 
electTomotive force of the machine foils to zero (since no lines of 
the force are cut at this point). As the armature continues to 
revolve and the conductor approaches the nextXthe ««wM) pole of 
the field magnet, the electromotive force of the machine again 
increases in value, but in a direction o[^>osite to that of the 
previouB electromotive force; and it falls again to zero as the con- 
ductor passes from under the south pole and reaches the point 
midway between the next pair of poles. 

Mtamplet. In Fig. 11 are represented three successive poles 
S N S of the field magnet of an alternator, from which the lines of 




Pig. 11. 
magnetic flux are emanating, and spreading out more or less 
as they enter the armature core. The armature core is shown as 
having only one slot A, which contains a number of armature 
conductors. The ordinates of the ciirve £ E E E E E represent the 
successive instantaneous values of the electromotive force induced 
in the armature conductors as the slot moves from left to right. 

The duration of one cycle is indicated in the figure, and this 
cycle repeats itself as the conductors pass by successive pairs of 
field poles. Thus, in a ten-pole alternator, there would be five 
complete cycles, or five complete waves of the electromotive curve, 
for each revolution. 
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The cnn-e E E E E E E is called the etectromotlve curve or 
electromotive force wave of the alternator 

A cun'e of which the ordinates repreBent the auccessive 
iiistantaoeouB values of the alternating current, is called an 
alternating-current curve or altemating-curreat wave. 

Figs. 12, 13 and 14 show 
typical fonns of electromotive 
force carves given by commer- 
cial alternatoiB. The exact shape 
of the electromotive force wave 
of an alternator depends upon 
the relations between pole pitch 
(distance from center to center 
Fin. 12. of adjacent poles), width and 

shape of jxile faces, width of armature coils, and distribution of 
coils on the armature. 

8, Average Values and Effective Values. The average value 
of an alternating electromotive force or current during a complete 
cycle is zero, inasmuch 
ikS similar sets of positive 
and negative vahifs occur. 
The average value of 
an eli'ctromotive force or Pig. la 

current <hirh»g the positive (or negative) part of a cycle is usually 
sitoken of briefly as the "average value" or "mean value," and is 
not zero. 

Consider now an alternating current, of which the instan- 
tcintK>ns value is i. The rate at which heat is generated in a 





Fig. U. 

circuit through which the current flows is Ri*, where R is the 
resistance of the circuit; and the average rate at which heat is 
generated in the circuit is R multiplied by the average value of i*. 
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A continuous current which would produce the same heating effect 
would be one of which the sqiiare is equal to the aVerage value 
of t', or of which the actual value is equal to j/average t'. This 
square root of the average square ot an alternating current is called 
the effective value of the alternating current. Similarly, the 
square root of the averago square of an alternating electromotive 
force is called the effective value of the alternating electromotive 
force 

Ammeters and voltmeters used for measuring alternating 
electromotive force always give effective values irrespective of 
wave form; and in specifying an alternating electromotive force 
or current, its effective valite is always ■used. 

Example. Ten successive instantaneous values of an alter- 
nating electromotive force during half a cycle, are 0, 30, 60, 80, 90, 

FMF l^ONE CYCLE-H 



-j^i^__j:ii-___ 



Pig. 15. 

95, 90, 80, 60, and 30 volts. The stun of these values is 615 volts, 
which, divided by the niunber of values, namely ten, gives 61.5 
volts, which is the average value of this electromotive force during 
half a cycle. 

Squaring each of the above values, adding the squares together, 
and dividing their sum by their number, namely ten, gives the 
average value of the square of the electromotive force, which is 
4,702.5 volts*; and the square root of this average square is 68.6 
volts, which is the effective value of the given electromotive force. 

Form Factor. The ratio effective value -;- average value 
depends upon the shape of the electromotive force wave, and is 
called the "form factor" of the wave. 

Example. The form factor in the above case is ^r^c, or 1.12, 

The form factor of the electromotive force curve given in Fig. 14 
is \,\y. The more peaked the wave the greater the value ot its 
form factor. The rectangular electromotive force shown in Fig. 15 
has a form factor equal to unity, which is the least possible value 
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18 ALTERNATING CURRENT MACHINERY 

of the form factor. This rectangular wave, liow«vcr, is ni-ver 
realiz*-*! in commercial alternators. 

9. Instantaneous and Average Power Delivered by an 
Alternator. Let e be the value, at a given instant, of the electro- 
motive force of an alternator; and i the value of the current at the 
same instant. Then ei is the power in watts which is delivere<l 
by the alternator at the given instant; and the average value of ei 
is the average power deliveivd by the alternator. 




Fig. 16. 
In Fig. 16 the full-line curve represents the 
electromotive force of an alternator; and the heavy-dotted cut^t 
the current delivered by the alternator to a receiving circuit having 
inductance. The ordinates of the light-dotttd cun-e represent 
the successive instantaneoiie values of the power ei. As shown in 
the figure, the power has both positive and negative values; the ■ 




Fig. 17. 
alternator does wort on the circuit when ei is positive, and the 
oirctiit returns power to the alternator when ei is negative; and, 
of course, while ei is negative, the dynamo is momentarily a 
motor, and may for the moment return power to the fly wheel of 
the engine. 

When the inductance of the receiving circuit is very lai^, the 
eh'ctromotive force and current curves are related as shown in 
Fig. 17; the instantaneous power ei passes throngli npproximati'ly 
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ALTERNATING CURRENT MACHINERY 19 

similar seta of positive and negative values, as showD by the 
light-dotted curve; and the average power is approximately zero. 
10. Definition of Harmonic Electromotive Forces and 
Currents. A line OP, Fig. 18, revolves at a uniform rate, J 
revolutions per second, about a point O, in the direction of the 
arrow gk. Consider the projection OJ of 
this rotating line upon the fixed line AB, 
this projection being considered positive 

,| ,j^ , when above O and negative when below O. 

v^ V A liarmonic electromotive force (or cur- 

•^g rent) is an electromotive force (or current) 

I, f ii Q which ii at each instant proportional to the 

line Ob. The line OJ represents at each 
instant the Eictual vahie e of the haimonic 
electromotive force to a definite scale, and 
p thelengthofthelineOP(whichisthemaxi- 

Fig. 18. mum length of Oh) represents the maximum 

value E of the harmonio electromotive force to the same scale. 
The line Ob passes through a complete cycle of values during one 
revolution of OP, and so alao does the harmonic electromotive force e. 
Therefore the revolutions per second {/) of the line OP is the 
frequency of the harmonic electromotive force e. The rotating 
lines E and I> Fig. 19, of which the projections on a fixed line (not 
shown in the figure) represent the actual instantaneous values e 
and « of a harmonic electromotive force and 
a harmonic current, are said to "represent" 
the harmonic electromotive force and current 
respectively. Of course, the rotation of the 
lines E and I is a thingmerely to be imagined. 
The rotation is understood to be in a counter- 
clockwise direction, as indicated in Fig. 18. 

A diagram in which a number of electromotive forces or cur- 
rents, or both, are represented by lines imagined to bo revolving, 
is called a clock diagram. Simple problems involving relations 
between a number of harmonic electromotive forces and currents 
of the same frequency, are most easily treated by means of the 
clock diagram. When an electromotive force (or current) wave is 
not a sin© cur\e, the electromotive force (or current) is not 
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harmonic, and cannot properly be repreaented by a line in a clock 
diagram, because the projection of the rotating line is not at each 
instant proportional to the electromotive force (or current). The 
approximate representation, by lines in a clock diagram, of non- 
harmonic electromotive forces (or cnrrenta) — such, tor example, as 
those represented by the curves in Figs. 12, 13, and 15, depends 




Pig. 20a. 

upon the finding of harmonic electromotive forces (or currents) 
which for the particular purpose in view are approximately equiva- 
lent to the actual given electromotive forces (or currents). 

A harmonio electromotive force or current is represented by a 
sine wave as shown in Fig. 14. The relation between the rotating 
line OP in Fig. 18 and the sine- 
wave curve of electromotive force, 
is shown as follows: 

Divide the circumference ot the 
circle in Fig. 200 into equal part's, and 
lay off a horizontal line divided into the 
same number ot equal parts. 

Draw horizontal dotted tinpf through 
each division on the ciR;umterence of 
the circle, and vertical dotted lines 
through the corresponding divisions on 
the horizontal line. The [lointH of the 
1 points on a curve which is a 




Pig. 206. 
intersection ot these i>airs ot dotted lines a 



eofsi 

Kxaniple of Harmonic Electromotive Force. A flat loop of 
wire with its terminals connected to two collecting rings, gives 
a harmonic electromotive force when it is rotated at constant six'wl 
in a uniform magnetic field. This arrangement is shown in 
Fig. 20i. 
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11. Algebraic Expression of Harmonic Electromotive Force 
and Current. The line OP, Fig. 18, revolves nniformly/ revoln- 
tions per second, and therefore it ttunB throiigh 2 ■w f radians • ix;r 
second, since there are 2 t radians in a revolution; that is, 

« = 2,r/ (8) 

in which « is the aognlar velocity of the line OP in radians per 
second. I^et time be reckoned from the instant that OP coincides 
with Oa; then, after t seconds, OP will have tnmed through the 
angle P (= nt); and from Fig. 18 -we have 

OS = OP sin /3 = OP sin »i, 
since Ob is the projection of OP on the line A6. Bnt Oh repre- 
sents the actual value e of the harmonic electromotive force at the 
time t, and OP represents its maximum value E; therefore 

« = E sin mt (9) 

is ein algebraic expression for the actual value e of a harmonic 
electromotive force at time £, E being the maximum value of e, 
and -a — being the frequency according to equation 8. 

Similarly, i = I sin ui (10) 

is an algebraic expression for the actual value z of a harmonic 
current at time t, I being the maximum value of i. 

1i time is reckoned from the instant that OP, Fig. 18, 
coincides with the line Ob, then equations 9 and 10 become 

6 ^= E COfl oit. 
i = I COB <ot. 

12. Synchronism Phase Difference. Two alternating elec- 
tromotive forces or currents are said to be in S3mchronism when 

they have the same fre- 
quency. Two alternators 
are said to nm in syn- 




****< \ \^ / / chronism when their elec- 

,-'E» tromotive forces are in 

Pig. 21. synchronism. 

Consider two harmonic electromotive forces Hipresented by the 
ordinatea of the curves Ei and Es, Fig. 21. The electromotive 

* Note. The unit of angle chiefly used in mechanics and in all theoretical 
work is the radian. It is the angle of which the arc is numerically equal to 
the radius (of a circle). There are, therefore, %■* radiane in one circumference. 
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force represented by the curve Ei reaches its maximum value 
b^org the electromotive force represented by the curve Ej. The 
electromotiTe force Ei is said to lead or he ahead of the electro- 
motive force Ej in phase. Conversely, the electromotive force 
E» is said to l(tg behind or io follow the electromotive force Ei 
in phase. The same two electromotive forces Ei and Ea are also 
represented by the lines O Ei and O E» in the clock diagram. 





Fig. 22. Pig. 23. 

Fig. 22. Here the line O Es is behind O Ei, since the imagined 
rotation is counter-clockwise. The phase difference is the time 
interval 9 in Fig, 21, or the angle 6 between O Ei and O Ej 
in Fig. 22. 

When the angle 9, Fig. 22, is zero, as shown in Fig. 23, the 
electromotive forces Ei and Ei are said to be In phase. In this 





Fig. 24. Fig. 25. 

case the electromotive forces increase tt^ther and decrease 
ti^ether; that is, when Ei is zero, £i is also zero; and when Ei is 
at its maximum value, so also is Ei, etc. 

When 6 = 90°, as shown in Fig. 24, the two electromotive 
forces are said to be In quadrature. In this case one electromotive 
force is zero when the other is a maximum, etc. 

When 6 = 180°, as shown in Fig. 25, the two electromotive 
forces are said to be in opposition. In this case they arc at each 



,v Google 



ALTERNATING CURRENT MACHINERY 23 

mstant opposite in sign ; and when one is at its positive maximnm, 
the other is at its n^ative maximnm, etc. 

13. Addition and Subtraction of Harmonic Electromotive 
Forces and Currents. — Addition. Consider two synchronous 
harmonic electromotive forces o£ which the successive instan- 
taneous values ei and et are represented by the projections of the 
lines El and Ei, Fig. 26, which are imt^ined to be revolving about 
the point O. These electromotive Forpes being of the same fre- 
qnency, the lines Ei and Ei revolve at the same speed, bo that the 
angle between Ei and Ej remains unchanged in value. The ordi- 
nary arithmetical sum of ex and «a, namely ei + et, is a harmonic 
electromotive force of the same frequency as ei and et; and this 
electromotive force (ei + «s) is represented by the projection of 
the line E, Fig. 26, which revolves at the same speed as Ei and Ej. 



Pig. 27. 

This is evident when we consider that the projection, on any 
line, of the diagonal of a parallelogram is equal to the sum of the 
projections of two adjacent sides of the parallelogram, as shown in 
Fig, 27. The projection of Ei is Oc, which represents ei,* and the 
projection of Ei is equal to cd, which represents ea. The projec- 
tion of the diagonal 05 of the parallelc^ram is Orf, which is the 
sum of Oc and cd. The two lines marked Ea in Fig. 27 are equal 
and parallel, and have therefore the same projected length on the 
vertical line. 

Corollary. The ordinary arithmetical sum {ei + et + et + 
etc.), of the instantaneous values of any number of synchronous 
elbctromotivc forces (or currents), is another harmonic eluctro- 
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motive force {or current) ot the Bame frequency; and it is repre- 
Bented in magnitude and phase by a line that ia the geometric (or 
vector) Bum of the linea repreBenting the given individual electro- 
motive forces (or currentB). This is evident when we consider that 
ci + « is a harmonic electromotive force (or current) according to 
the above discussion; and this, 
added to e», gives an electromotive 
force (or current) which is har- 
monic eind of the same frequency 
as ei, «3, aAd ea. 

The Kc<*™^'''c or vector sum 
of a ntmiber of Hues is defined as 
follows: Given three lines O Ei, 
O Es, and O E^ Fig. 28. Find 
the diagonal O A of the parallel- 
c^;ram constructed on O Ei and 
O Es as sides. This gives the 
vector sum of O Ei and O Ej. 
Next construct a paralleli^ram on O A and O Et as sides; the 
diagonal O E of this parallelogram is the vector sum of the three 
given lines. This line O E is the closing side of the polygon 
formed by drawing O Ei, then drawing (O Ej) from the extremity 




Fig. 28. 



mofrt 



of O El (this giving the point A), and then 
drawing (O E«) from A. This method is called- 
addition by meana of the vector polygon. 

SuBTBACTiON. One harmonic electro- 
motive force (or current) ia subtracted from 
another by reversing the direction of the line 
that represents it in the clock diagram, and 
then adding the reversed line (or vector) to 
the other. An example of the subtraction of 
harmonic electromotive forces will be given in Pig, 29. 

connection with the discussion of three-phase electromotive forces. 

Kxantplcs of Addition of llarmonia Electromotive Forces 
and Currents. 

1. Two alternators A and B mnning in synchronism are 
connected in series between mains as shown in Fig. 29. If the 
electromotive forces of A and B are in phase, the electromotive 
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force between the msins will be eimply the numerical sum of the 
electromotiTe forces of A and B. If, on the other hand, the electro- 
motivd forces of A and 6 differ in 
phase, the state of affairs will be 
as represented in Fig. 30, in which 
the lines A and B represent the 
electromotive forces of the alter- 
nators A and B respectively, 6 is the phase difference of A and B, 
and the line E represents the electromotive force between the muns. 
,^„,'^ 2. Two alternators 

A and B running in 
Bynchroniem are con- 
nected in parallel be- 
tween the mains as 
shown in Fig. 31. Let 
the lines A and B, 
^B-31- Pig, 32, represent the 

cnrrents given by the alternators A and B respectively, the phase dif- 
ference being 0; then the current in the main line is represented by I. 

3. Two circuits A and B are 
connected in series between the 
mains of an alternator as shown 
in Fig. 33. The line E, Fig. 34, 
represents the electromotive force 
between the mains; the line A Fig. 32. 

represents the electromotive force between the terminals of the 
circuit A; and the line B represents the electromotive force 
fyyg/ff between the terminals of the circuit B. 

' I I" xte circuits A and B are supposed to 
< I have inductance. If one of the circuits, 
I A or B, contains a condenser, then the 
P electromotive forces A and B, Fig. 34, 
I may be nearly opposite to each other in 
' phase, and A and B may each be indefi- 
1 ^'^V greater than the electromotive 

-^Z£22 1— 1 -1 force E between the mains. 

Fig. 3a 4. Two ciroTiits A and B. Fig 35, 

are connected in parallel across the terminals of an alternator as 
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shown. The curreut I from tlie alternator is related to the currents 
A and B as shown in Fig. 36. If 
one of the circuits, A or B, con- 
tains a condenser, then the cur- 
rents A and B may be nearly 
opposite to each other in phase, Fig. 34. 

and the currents A and B may each be indefinitely greater than 
the current I from the altemater. 

14. Relation between Maximum and Effective Values of 
Harmonic Electromotive Forces and Currents. The effective 
value E or I of a harmonic (that b, a sine-wave) electromotive force 



_maia. 




(or current), is equal to the maximum 
value E or I divided by the square 
root of 2. That is. 



I ^ 



v2 



(12) 



Proof. Let e (■-= E sin i^t) be 
larmonic electromotive force. To 
= E* sin* att), it is necessary to find 



Fig. 35. a. h 

and the average value of e* (: 
the average value of the square of the sine of the uniformly 
variable angle uit. We have the general relation, 

sin* >at -|- cos* lat = 1, {o) 

HO that 

Av. sin* w( + Av. cos* W = 1. (6) 

Now, during a cycle, the cosine of a uniformly variable angle 
pusses similarly through the same set of values as the sine; hence 
Av. sin* tot and Av. cos* W are equal, so that from equation J, 
above, we have: 

2 Av. sin* iut = l\ 
or, Av. sin' mi = ^. 

The average value of «' is 

Av. e' ~ E* Av. sin* w(/ 



Av. e' - 



2 
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and yJAy.e' = :^ 

In Fig. 18 the length o[ the revolving line OP was understood 
to represent the maximum value of the harmonic electromotive 
force (or current). When, however, a number of harmonic electro- 
motive forces (or currentB) are represented to scale by lines in a 
clock diagram, the lengths of the lines may be interpret^ as giving 
not maximum but effective values, since there is a constant ratio 
I 2 between the effective and maximum values of each of the 
electromotive forces {or cnrrents) represented in the diagram. 

It is desirable to interpret the lines in a clock diagram in 
terms of effective values rather than maxi- J ^^ 

mmn values, because effective values are * / y^^ j 

always given by measuring instruments l^ji''^^ / 
and are nearly always used in numerical Ax^ / 

calcolation. Therefore, unless it is ex- •^ g * 

pressly stated to the contrary, the lines in Pig. 36. 

clock diagrams are always understood to represent effective valoes. 

Examples. A certain harmonic alternating current gives a 
reading of 100 amperes on an altemating-corrent ammeter, and its 
effective value is therefore 100 amperes. This harmonic current 
actually pulsates between zero and a maximum value of + K 2 X 
100 amperes, or + 141.4 amperes. 

A certain harmonic alternating electromotive force gives a 
reading of 1,000 volts on an alternating-current voltmeter, and its 
effective value is therefore 1,000 volts. This electromotive force 
actually varies between zero and a maximum value of + f^ 2 X 
1,000 volts, or + 1,414 volts. 

This relation between maximum and effective values is true 
only for harmonic (that is, sine-wave) electromotive forces and 
currents. In general, the maximum values of alternating electro- 
motive forces (or currents) cannot be inferred from effective values 
as measured by ammeters and voltmeters. Thus, an alternating 
electromotive force which is known to have a peaked-wave form 
might have a maximum value very greatly in excess of I 2 times 
its eff(K;tive value. 
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15. Expression for Power In Cases of Harmonic Electro- 
motive Forces and Currents. 

(a) When the current is in phase with the electromotive 
force, that is, when the circuit is non-inductive, then the power 
(averse ei, see article 9) is 

P = E I, (13) 

in which P is the power in watts, E is the effective value of the 
electromotive force in volts, and I is the effective value of the 
corrent in amperes. Equation 13 is identical with the power 
equation for direct-current circuits. 

{b) If the phase difference between current and electromotive 
force were 90°, which can never actually occur, then the power 
(average value of ei) would be equal to zero, as es^dained in 
article 9. 





(fl) When the phase difference between current and electro- 
motive force is ^, as shown in Fig. 37, then 

P = E I cos d, (14) 

in which P is the power (average ei) in watts, E is the effective 
value of the electromotive force in volts, and I is the effective 
value of the current in amperes. 

Discussion op Case c. The given current I shown in Fig. 37 
may be thought of as resolved into two comi>onentB, as shown in 
Fig. 38. One of these components (T cos 6) is parallel to (that is, 
in phase with) E; and the other (I sin 0) is at right angles to E. 
The power corresponding to the actaal current I may be thought 
of as the sum of the powers corresjxjnding to its two components 
respectively. Bat the component I sin 9 ia at right angles to E, 
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as in case b above; hence the power corresponding to it ie zero. 
This component is therefore treqnently called the wattless com- 
ponent of the given current. 

On the other hand, the component I cob 6 is parallel to 
(that is, in phase with) E, as in case a above; hence the power 
correeponding to this component is equal to E X I cos 0. The 
component I coe 9 of the given current I is frequently called the 
power component of I; and the factor coa 9 is called the power 
(actor of the circuit. 

16. Inductance. It has been pointed out in article 6 that an 
electric circuit has a certain kind of inertia analogous to the inertia 
of water in a circuit of pipe, and it was there noted that this 
inertia of an electric circuit is called inductance. If an electric 
current in a circuit is made to change in value, a portion of the 
electromotive force acting upon the circuit must be used to cause 
the current to change. 

In the same way a force, over and above that required to 
overcome frictional resistance, must act upon a moving body to 
accelerate it, that is, to make its speed increase. The inertia of a 
body is measured by the force required to accelerate it at the rate 
of unit change in speed per second; and the inductance of a 
circuit ie measured by the electromotive force required to cause 
a current in the circuit to change at the rate of one ampere per 
second. A circuit is said to have an inductance of one henry* 
when one volt (over and above the electromotive force required to 
overcome the electrical resistance) will cause the current to change 
at the rate of one ampere per second. 

Let X be the rate in amperes per second at which the current 
in a circuit is increasing in value. Then the electromotive force E 
(over and above that required to overcome the resistance of the 
circuit) required to cause the current to increase at this rate is: 
E=Lx, (15a) 

in which L is the inductance of the circuit in henrys, E being 
expressed in volts. 

* NoTK. The henr]' ie a very I&rge inductance, and the inductances usually 
met with in practice are expressed in thousandths ot a henry, that is, in 
milli-heDryB. 
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Example. The cofl of a lai^ electro-magnet has 2.5 henrys 
of iuductano*! unci 5 ohms of resistatice. At a given instant this 
coit is connected to 110-volt direct-current mains. At the instant 
of connecting the coil, the carrent is zero, and all of the 110 volts 
is used to cause the current in the coil to increase, so that, accord- 
ing fo equation I5a, x is equal to E/l, or 110 volts -i- 2.5 henrys, 
or 44 amperes ptir second. That is, the current in the magnet coil 
begins to increase at the rate of 44 amperes per second. When 
the current in the magnet coil has reached the value of 10 amperes, 
50 volts (=5 ohms X 10 amperes) of the total 110 volts are used 
in overcoming the resistance of the coil, so that fiO volta (= 110 
volts — 50 volts) are used to make the current increase. There- 
fore, as the current in the coil passes the value of 10 amperes, it is 
increasing at the rate E l = 60 volts -^ 2.5 henrys = 24 amperes 
per second. 

The inductance of a coil wound on a given apoolia propor- 
tional to the square of the number of iurna N of wire. For 
example, a given spool wound with No. 16 wire has 500 turns and 
an inductance of, say, 0.025 henry; the same spool wound with 
No. 28 wire would have about ten times as many turns, and its 
inductance would be about 100 times as great, or 2.5 henrys. 

The inductance of a coil ofyioeii shape is proportional to its 
liriear dimensions, the number of turns of wire being unclmnged. 
For example, a given coil has an inductance of 0.022 henry; and a 
coil thrLH! times as large in length, diameter, etc., but having the 
same number of turns of wire, has an inductance of 0.066 henry. 

Formulce tor Calculating Inductance. The inductance in 
henrys of a coil of wire womid in a thin layer on a long wooden 
cylinder of length I centimeters and of radius r centimeters, is; 

'■- ixW • *""> 

in which N is the total number of turns of wire in the coil. This 
equation is strictly true for very long coils wound in a thin layer; 
but the equation is very useful, also, in calcuhiting the approxi- 
mate inductance of even short, thick coils. Thus a coil 25 centi- 
meters long and 2J centimeters mean radius, containing 150 turns 
of wire, lifis an ai>proximate inductance of 
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If a coil of N tnrnB of wire is woond on a long rod of iron, 
insteud of wood or other non-magnetic materietl, the inductance iu 
henrys is given by the equation 



In which L , r, N, and t are the Bame as in eqxmtion 15b, and p, 
is the permeability of the iron core at the particular flux-deneity 
produced in the iron. This equation applies to any iron rod of 
length I centimeters and radius r centimeters, wound with N turns 
of wire, whether in the form of a long, straight rod or bent into a 
closed ring. 

The permeability f. of iron variee from 500 to 1,000 or more; 
and therefore the effect* of placing an iron core in a coil is greatly 
to increase the inductance of the coil. 

The iron core of an inductance coil to be used with alternating 
currents should be laminated to reduce eddy currents and coa- 
sequent loss of enei^y, and to prevent excessive heating of the core. 

Examples. The inductance of the field coil of a certain 
shunt-wound dynamo is 7.5 henrys. 

The inductance of a pair of No.O, B. & S. copper line wires 
carried at a distance of 18 inches apart on a pole line, is 0.0035 
henry per mile. 

The inductance of the secondary coil of a large induction coil 
(X-ray coil) having 200,000 turns of wire, is 2,000 henrys. 

Inductances In Series and In Parallel. The inductance of two 
or more coils in aeries is equal to the sum of the individual 
inductances. 

The equivalent inductance of two or more similar coils iii, 
parallel, such as the similar coils on an armatiire, is equal to l/n of 
the inductance of one coil, n being the number of coils counecteil 
in parallel. 

* NoTK. The permeabilitj' /i ot a giveo sample of iron is not constant, 
but decreases in value as the magnetizing force increanes. Therefore the 
inductance L uf a coil having an iron core, is not a definite constant quantity 
as is the inductance of a coil without an iron core. 
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17. Capacity. It has bcea pointed out in article 6 that a 
charged cond<mscr has an elastic-like reaction analogous to the 
elastic reaction of a distorted diaphragm. The elasticity of a 
diaphragm might be measured by the pressore required to distort 
it to the extent of producing one unit of increase of volume in the 
Sfttkco on one side of the diaphragm, and onek unit of decrease of 
volume in the space on the other side of the diaphragm. Similarly, 
the capacity of a condenser may be, and in fact is, measured by 
the electromotive force required to force one unit of charge of 
electricity into one plate of the condenser, and at the same time to 
withdraw one unit of charge from the other plate. A condenser is 
said to have a capacity of one farad when one volt of electromotive 
force pushes one coulomb of electric charge into the condenser.* 

The chai^ Q pushed into a condenser by a steady electro- 
motive force E is, 

' Q = C E, (17a) 

in which C is the capacity of the condenser in farads, Q is the 
charge in coulombs, and E is the electromotive force in volts. The 
electromotive force required to bold a given cha^e Q in the con- 
denser is of course equal to Q/'C. 

Coodensers, to have a large capacity (as much as a microfarad), 
are usually made up of alternate 
- sheets of tinfoil and waxed paper or 
mica, as indicated in Fig. 39. Alter- 
Fig. 39. nate metal sheets are fconnected to- 

gether as shown, thus practically forming two plates of large area. 
Inductlvlty of Dielectric. The material between the plates of 
a condenser is called a dielectric. The capacity of a condenser 
of given dimensions depends upon the material used as the 
dielectric. The quotient capaeity <ff a condenser vnt/t given 
dielectrie -^ its capacity vnth air as the dielectric is called the 
inductlvlty of the given dielectric. 

* NoTF. The farad is an exceedingly large capacity, and capacities 
Gnc<)unt(^^od in jiractice are usually expressed in millionth^ ot a farad, that is, 
in microfarads. 
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TABLE II. 
Inductlvitlei. 



Glass 


3. 00 to 10,00 


Mica 


i.OOtoS.OO 


Vulcanite 


2.50 


Shellac 


2. 95 to 3.60 


Paraffln 


1.68to 2.30 


Turpentine 


2.15 to 2.43 


Beeswax 


1.86 


Petroleum 


2. 04 to 2.42 



Formula for Calculating the Capacity of a Condenser. The 

capacity of a condenser is given by the eqiiation, 
ka 



C,»n.. 



X 10-w X 



(17b) 



in which a is the combined area in square centimeters of all the 
leaves of dielectric between the condenser plates, x is the thickness 
in centimeters of the dielectric leaves, and k is the inductivity 
of the dielectric used. 

Examples. The capacity of an ordinary 2-quart Leyden jar is 
about 0.005 microfarad. The capacity of an average submarine 
telegraph cable is about 0,4 microfarad per nautical mile. The 
capacity of a pair of transmission lines of No. 0, B. & S. wires 
placed 18 inches apart between centers on poles, is 0.036 microfarad 
per mile. 

Capacities in Series and In Parallel. The capacity of a 
number of condensers in parallel is equal to the sum of the 
individual capacities. 

The capacity of a iiumbt;r of condensers in series is, 
1 



Oi ^ C-i 



1 



(18) 



+ etc. 



in which Ci, Ca, Cs, etc., are the individual capacities, and is the 
joint capacity. 

18. The Fundamental Equation of the Alternating-Current 
Qrcuit. An alternator A, Fig. 40, delivers an alternating current 
of I amperes, effective, to a circuit consisting of a resistance of R 
ohms, an inductance of L henrye, and a condenser of which the 
capacity is C farads, all connected in series. It is to be remem. 
bored that any coil having inductance has resistance also; that is, 
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inductance and resistance uro inscpiirablu. Nevertheless induc- 
tance and resistance are essentially different in nature and in their 
effects, and thoy are always considered separately, so that it is 
helpful to think of them as actually stiparatwl in a circuit, as 
indicated in Fig. 40. A resifltance is conventionally represented 
thus, _/y\/Vv-; an inductance thue, -^OOiJtJOCO^ ; and a condenser 

The cnrrent in the circnit, Fig. 40, is assomed to be harmonic, 
that is, to be a sine-wave current, and this current is represented 
by the line I in Fig. 41. 

A portion of the electromotive force of the alternator is used 
to overcome the resistance of the circuit. The portion of the 



Fig. 41. 

electromotive force so used is an alternating electromotive force of 
which the effective value is RI ; it is in phase with the current, and 
is represented by the line RI in Fig. 41. 

A portion of the electromotive force of the alternator is used 
to overcome the inertia or inductance of the circuit in causing the 
cnrrent to increase and decrease. The portion of the electromotive 
force BO used is an alternating electromotive force of which the 
effective value ia wLI; it is 90° ahead of I in phase, and is 
represented by the line <uLI in Fig. 41. The quantity <■> is equal 
to 27r times the frequency of the current I. 

A portion of the electromotive force of the alternator is used 
to overcome what we have previously called the electro-elasticity of 
the coudenser, or, in other words, to hold electric charge on the 
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condeiLser plates at each iiiBtaut. The portion of the electromotive 
force BO nsed is an alternating electromotive force of which the 

effective value U — p ; it is 90° behind I in phase, and is represented 

by the line - w in Fig. 41, 

The total electromotive force E o£ the alternator ia equal to 
the geometric (or vector) sum of the parts RI, wLI, and I / wC, 
This vector sum is formed by subtracting I / <uO from mLI, since 
it is opposite to uLI in direction, and then adding RI and 



^i-Jj)- 




(<oLI — 1 / (uC) geometrically, as shown in Fig. 42, in which the 

line Oa represents (oiLI — — p), and the line E represents thti 

geometric sum of Oa and RI. 

From Fig. 42 we have, by geometry: 



= R» I' + («. L I — 
E 



1.3 



i' 



(19) 



Tho quantity u L ,^— is callt'd the reactance of the 
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circait The tonn » L is often called Inductance reactance; 
and the term — p- is often called capacity reactance. Inductance 
reactance is always positive, and capacity reactance is always 

negative. It is convenient to represent the reactance «• L -^ 

of a circuit by the single letter X; that is 

Therefore, writing X for <■> L — — ^ in equation 19, we have: 

1= ,- ^ ■ (21) 

^E' + X- 

Furthennore, from the right triangle in Fig. 42, we have: 

„L ' 



tan»- 



R 

or, tan » = -|-, (22) 

in which is the angle of phase lag of the cnrrent I behind the 
electromotive force E, X is the reactance of the circuit, and R is 
the resistance of the circuit. 

19. Resistance, Reactance, and Impedance. Consider a 
hannonio alternating electromotive force E which produces a 
harmonic alternating current I in a circuit. This eloctromotive 
force may be resolved into two components, one parallel and the 
other perpendicular to I, as shown, for example, in Fig. 41. The 
component of E parallel to I is eqnal to RI. The resistance of an 
alternating-current circuit is sometimes doiined as that factor 
which, multiplied by the current, gives the component (of the 
electromotive force) which is parallel to I. 

The component of E perpendicular to I is equal to u LI j^, 

or to X I. The reactance of an alternating-current circuit may be 
defined as that factor which, multiplied by the current, gives the 
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cxnnpoaent (of the electromotive force) which is perpeadicolar to I. 

The factor V^R* + X', which, when multiplied by the cnrrent I, 
gives the total value of the electromotive force E, ia called the 
Impedance of the alterDating-current circuit. Of course, E divided 
by the impedance gives the valne of the cnirent I. 

Resistance, reactance, and impedance are all expressed in ohms; we may, 
(or example, speak at 10 ohms of resistance, 10 ohma o( reactance, or 10 ohms 
of impedance. Thus, ohms are used ia alternating-current work to express the 
three essentially different thiags-~resistance, reactance, and impedance; and 
a specification of a certain number of ohms is not intelligible unless it is stated 
whether it is ohms of reeistftnce, ohms of reactance, or ohms of impedance. 

The reactance emd the impedance of a circuit depend upon the 
freqnency of the alternating current, as well as upon the physical 
constants L and O of the circuit, since the factor *u is equal to 
2 IT times the frequency. 




Fig. 43. 

The reactance of a circuit may be positive or negative, accord- 
1 
-0 
positive, the inductance reactance < 
1 



ing as u L is larger than or less than — p^ ■ When reactance is 

L exceeds the capacity 

, and the current is behind the electromotive force 



reactance 



«.C ' 



in phase, as shown in Fig. 42. When the reactance is negative, 
the capacity reactance exceeds the inductance reactance, and the 
current is ahead of the electromotive f»rce in phase, as shown in 
Fig. 43. 

20. Special Cases of Electromotive Force and Current 
Relations In AHematlng-Current Circuits. A clear understand- 
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ing of the followiog examples us special cases of the general 
relations of electromotive force and current as discussed in articles 
18 and 19, depends upon the following facts: 

1. That the effect of inductance in an altematiag-current circuit 
becomes negligible when the inductance is very Bmall, for then the reactance 
u L due to the inductance is small, and the portion of the electromotive force 
required to overcome the inductance (namely, oi I; I, Fig. 41) is also small. 

2. That the effect of a condenser in an alternating -cur rent circuit 
becomes negligible only when the capacity of the condenser is very large, for 

then the reactance — ~rf~ due to the condenser ia email, and the portion 
of the electromotive force required to overcome the electro-elasticity of the 
condennt'r (namely, — ^w - , Fig. 41), is also small. 

The effect of an inductance may be rendered negligible by 
short-circuiting it with a low-resistance wire; and the effect of a 
condenser also may be rendered negligible by short-circuiting it 
with a low-resistance wire. 

Care A, Non-indw<'({ve or Non-reactive Circuits. A circuit 
which does not contain a condenser and does not have any per- 
ceptible inductance is called a 
non-reactive circuit. The term 
non-inductive is frequently used 
in the sense in which non-reactive 
is here defined. A non-reactive 
circuit contains only resistance; 
and the total electromotive force 
required to produce a given alter- 
nating current I in a non-n*ac- 
Pig. 44. tive circuit of which the resistance 

is R ohms, is RI volts,* and the electromotive force and current 
are in phase with each other. Therefore the relation between 
alternating electromotive force and current in a non-reactive circuit 
is precisely the same as in the case of direct currents. That is, 
E=.RI; 

Fig. 44 represents a non-reactive circuit connected to an 

* Note. Effective values are always understood except where it is 
distinctly stated to the contrary. 
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alternator A; and Fig. 45 shows the relation between the electro- 
motive force and current. 

Example. Any circuit in which the ont^ing and returning 
wires are very near tc^ther, has very small inductance. An ordi- 
nary incandescent lamp, for example, has a negligible inductance, 
O^ — >■ An incandescent lamp the resis- 



1 



Pig, 45. tance of which when hot is 220 

ohms, takes hr.lf an ampere effective when connected to alteniat- 
ing-cmrent supply mains between which the effective electromotive 
force is 110 volts; the current is in phase with the electromotive 
force, and the power in watts is equal to the product of effective 
volts times effective amperes, or 55 watts. Alternating-current 
voltmeters are always made as nearly as possible non-inductive. 

Case B. Circuits Conlaining Resistance and Inductance. 
In this case the reactance X {^=- w L) is positive, and the current 




Fig. 16. 
lags behind the electromotive force in phase, as before pointed oat. 
The tangent of the angle of lag is equal to „ , according to 

equation 22; therefore the angle of lag of the current is small when 
X is small compared with R, and the angle of lag approaches 90° 
when X is very large comi)ared with R. 

Fig. 46 represents a circuit containing resistance and induc- 
tance, connected to an alternator A ; and Fig. 47 shows the relation 
between the electromotive force and current. 

Example. A coil of wire usually has a very considerable 
inductaiK'i', csix-'cially if it is wound on a laminated iron con'. In 
fact, a coil wound on jt laminated iron core usually has so large a 
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reactance, X (= w L), that the angle *, Fig. 47, 18 very nearly 90°. 
Thufl, a certain coil has a resistance of 2 ohms and an inductance 
of 0.3 henry vhen provided with a laminated-iron core. This coil 
is connected to an alternator giving 1,000 volts eSective electro- 
motive force at a frequency of 133 cycles per second, so that the 
factor «■ is equal to 2 >- X 133, or 835.7 radians per second; the 
reactance of the coil is 835.7 X 0.3, or 250.7 ohms; the impedance 



is^2 



250.7 ' "• "'■'"" 

amperes; the current lags about 89^° behind the electromotive 
force; and the power delivered to the coil is 1,000 volts X 3.989 
amperes X cos 89^°, which is equal to 34.82 watts (= R I*). The 
product EI, sometimes called apparent watts, is equal to 3,989 
volt-amperes. 

This example illuatrBtes one remarkable feature ot alteroating currants — 
namely, the very small amount ot actual power that is delivered to a circuit 
of large reactance even though the electromotive force is large and the cur- 
rent considerable. In the case ot a direct current, 3.989 unperee taken from 
1^000-volt mainti would mean an actual delivery of 3,839 watts of power, while 
in the above case the actual power delivered is only 34.82 watts. The ratio 
true watU -i- apparent watts is called the power factor of a circuit; and in 
caae of the coil here under discussion, this ratio is equal to about 0.006 
(= coe 8). 

One never encounters in practice a circuit in which the 
reactance is so lai^ compared to the resistance as in the above 
example; that is, he never encounters one in which the power 
factor is so small as 0.008. Cases are often met with, however, 
where the reactance is from two to ten times as large as the 
resistance. Thus, one of the primary windings of a certain 110- 
volt induction motor has a resistance of 0.7 ohm and a reactance 
of 4.2 ohms. When the motor is running at zero load this circuit, 

according to equation 21, takes — ^= = j-si^ , or 25.83 

amperes; the angle o£ phase lag of the current, according to 
equation 22, is about 80J°; and the power factor of the circuit 
is 0.164. 

A circuit which contains a coil wound on un iron core takes 
more -power than is expended in the mere heating of the wire, 
namely RI', for some power is consumed in the iron core on 
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actxnut of magnetic hysteresis and eddy cnirents. In the aboTe 
examples this consumption of power la an iron core is neglected 
for the sake of simplicity. 

Case C. Circuits Containing Reaiatance and a Corutenser. 

In this case the reiictaiice X (= — — p-) is negative, Eind the 

cmrent leads the electromotive £orce in phase, as before pointed 

ont. The tangent of the angle of lead is equal to -„-, according 

to equation 22; and therefore the angle of lead of the current 

is Binatl when X is small compared with R (that is, when aiC is 

large), while the angle of 

lead of the current ap- 

preaches 90° when X le 

lai^ compared with R(that 

la, when u C is amaU). 

Fig. 48 represents a 
circuit containing resis- 
tance and a condenser, con- 
nected to an alternator A; 
aud Fig. 49 shows the 
relation between the elec- 
tromotive force and current. 

Example. A condenser with a capacity of 2 microfarads 
(which is large, as condensers go) is connected to alternating- 
current mains through a resistance coil of 200 ohms. The effective 

RI ^^ r ^ electromotive force between 

the mains is 1,000 volts, 
and the frequency is 133 
cycles per second, so that 
the factor u is- equal to 
835.7 radians per seccmd; 
the reactance of the con- 
Fig. 49. denser is 598.3 ohms 
(negative); the impedance of the circuit is 630.85 ohms; the 
current, according to equation 21, is 1.585 amperes; the current, 
according to equation 22, is 71° 34' aliead of the electromotive 
force in phase; and the power delivered to the circuit is 1,000 volts 



_4 

Fig. 48. 
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X l-otia amperes X coa 71° 34', which la equal to 501.2 watts 

(=EP). 

If the abovf condenstT is connectwl to the 1,000- volt 133-cycle 

mains through a wire of npgligible resistauce, then tlie current 

.„ , 1,000 volts , „_, ,, , .,, , 

will be >..^., , - — , or l.b71 amperes; the eurrent will be verj' 
Syn.ii ohms ' t^ ' J 

nearly 90° ahead of the electromotive force iu phase; the pow( i- 

factor will be nearly zero; aud of course the power delivertMi to the 

condenser will be nearly zero. 

A circuit containing a condenser takes a little more power 
than is expended in the mere heating of the wire, namely R I', for 
some power is consumed in the insulating material between the 
condenser plates. In the above examples, tliis consumption of 
power in the insulating material of a condenser is neglected for the 
sake of simplicity. 

Case D. Circuit in which the Inductance Reactance a> L 

is Balanced by the Capacity Reactance ., . In this case 

E 
equation 19 retluces to I ^= — „- ; that is, the electromotive force 

acting upon the circuit has to overcome resistance only, as in case 

of the non-reactive circuit. This case, in which to L — -,- 

is equal to zero, is considered again in the following article, on 



21. Electric Resonance^ Consider a circuit, like the one 
shown in Fig. 40, containing a given resistance R, a given induc- 
tance L, and a given capacity C. Suppose that the alternator A 
is at first nm at very slow speed so as to give very low frequency, 
and is then gradually increased in speed so as to cause the 
frequency to increase. This gradual increase of frequency will 
cause ft gradual increase in the value of the factor u (equal to 2 jt 
times the frequency); and as ■" increases, the following relations 

between inductance reactance m L and capacity reactance — t^ 

will obtain: 

(«) At first, when the frequency is very low (tew cycles p>r ticconill, the 
value of oi is small. Therefore the inductance renctance w L is sniall; 
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the capacity reactance — -.r- is large; and the total net reactancu u Ij — 
„ is neftativc, and very nearly the same as ~ .-^ alone. 
(6) As thefreijuency jncreauestthevalue of « increaaew. Therefore the 
inductance reactance w L increaseu; the capacity reactance - ^ decreases; 

and the total net reactance « L p— decreases in value 

the increane of w L, and alao on account of the decrease of - _— . F< 

tain critical value ot the frequency, u L becomes e<]ual to p-, so t 
total net reactance is then zero. That is: 



r, since u equals 2 «■/', we have: 



v'tC 



(24) 



in which /' is the critical value ot the frequency for which inductance 
reactance in balanced by capacity reactance in the given circuit, L being the 
inductance of the circuit, and G the capacity of the condenser. See Fig. 40. 

(c) As the frequency increasiw beyond the critical value/', the induct- 
ance reactance ai L continues to increase; the capacity reactance contiaueti to 
decrease: and the net reactance w L — — p^— , now positive in value, 
continues to increase in value. 

Now, ioiagiuu the electromotive force of the alternator to be 
congtant in value, although iucreasing in frequency as the alter- 
nator is speeded up. The current in the circuit will at first 
increase with increasing fr«iueucy until the critical frequency/' 
(see equation 24) is reached, and then the current will decrease in 
value as the frequency increases, a niaximuui value of current 
being produced at the critical frequency/'. This production of a 
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maxiniTUn ctirrent at the critical frequency /' is calltxl electrical 
resonance. At critical f reqaency the reactance m L v,- 

ia zero; and the general equation (19) reduces to I — _ , as ex- 

I^ained in Case D of article 20. That is, t^e value of the current 
at the crUical frequency is determined solely by the resistance of 
ike circuit. ■ 

The variation of current in a circuit like that shown in Fig. 40, 
■with increasing frequency, electromotive force being kept constant 
in value, is shown graphically 
in Fig. 50, which is calcu- 
lated from the following data: 
E = 200 volts, effective; 
R = 2 ohms; L = 0.352 
henry; and C ^= 20 micro- 
farads. 

The critical frequency cor- 
Fig. BO. responding to these values of 

L and C is 60 cycles per second, according to equation 24. The 
maximum point of the curve is not a cusp, as would appear from 
the figure; but the curve is rounded at the top, the figure being 
drawn on too small a scale to show it. 

The important physical features of electric resonance aria 
explained in the next two articles, 22 and 23. 

22. Multiplication of Electromotive Force by Resonance, 
When resonance exists in a circuit containing an inductance and a 
condenser in series, the alternating electromotive force m L I 
between the terminals of the inductance, and the alternating 
electromotive force I / « C between the terminals of the condenser, 
may each be much greater than the alternating electromotive force 
R I which acts upon the circuit. This fact is easily understood 
by means of the mechanical aJialc^ue. If even a very weak 
periodic force act upon a weight which is suspended from a spiral 
spring, the weight will be sot into violent vibration, provided the 
frequency of the force is the same as the prop«!r frequency of 
oscillation of the body, The forces acting on the spring may 
reach enormonsly greater values than the periodic force which 
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maintains the motion of the system. Moreover, the forces which 
act npon the weight to produce its up-and-down acceleration may 
reach values very much lai^r than the 
periodic force which maintains the 
motion. 

Example. A coil having an iudac- 
tonce of 0.352 henry and a resistance 

"^ , L-^ of '2 ohms, emd la condenser of 20 

microfarads capacity, are connected 
in series between altemating-cmrent 
mains. The critical frequency of this 
circuit is 60 cycles per second, accord- 
ing to equation 24. The electromotive 
Pig. 51. force between the mains is 200 volts, 

and its frequency is 60 cycles per second. The current in 

the circuit is - „ . ■, or 100 amperes, according to equation 19; 

the effective electromotive force between the condenser terminals 
is 13,270 volts effective (= I/uC); and the electromotive force 
between the terminals of the inductance is also 13,270 volts effec- 
tive (-= o> L I). 

The multiplicatioD of electromotive force by resonance may be 
clearly understood with the help of the clock, diagram, Fig. 51. 
The electromotive force « L I required to overcome inductance 
reactance is equal and opposite to the electromotive force I / •> C 




Pig. 52. 

required to overcome capacity reactance, as shown in Fig. 51, so 
that the geometric sum of u L I, I / « O, and RI is, simply, RI. 
A transmission line has both inductance and capacity, and there- 
fore electric resonance may occur on a transmission line. The 
phenomena of a transmission line, however, are very greatly com- 
plicated by the fact that the capacity is distributed; and a simple 
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explanation of Ihiu rL'Sonaiice can bu givon only by approxinuition, 
as followB: 

An alternator A, Fig. 52, delivers current to a long traiiB- 
mission line. The resoaance effects are nearly independent of 
whether the receiving apparatus at Bis connected or not. W© shall 
therefore consider that the receiving apparatus is disconnected, and 
that the ends of the two transmission lines are insulated from 
each other. 

A first approximation to the behavior of the line may be 
obtained by looking upon the distant end of the line hh b as a 
condenser purely and simply, while the near end of the line a a a 
is looked upon simply as an inductance. The transmission line 
shown in Fig. 52 is then equivalent to the combiuation shown in 
Fig. 53, which is identical with the combination shown in Fig. 40. 
The value of L may be taken as the inductance of, say, half the 




-j MVrni' 



Fifj. rn. 



li'Dgth of the line; and the capacity C may be taken as the capacity 
of the distant half of the transmission line. Then, if the alternator 
A gives a frequency equal to the critical value for these values 
of L and C, as per equation 24, we shall have resonanctt, and the 
electromotive force between the lines at the distant end (between 
terminols of C, Fig. 53) may be greatly in excess of the electro- 
motive force of the alternator A. This condition actually occurs 
in the practical optsration of long transmission lines; and it is not 
an uncommon thing to have as much as 11,000 volts at the reciuving 
end of a long transmission line when the electromotive fore*; of the 
generator is but 10,000 volts. 

23. Multiplication of Current by Resonance. An alternator 
A, Fig. 54, delivers corrent to a circuit which divides at the points 
a and b into two branch(«, one branch containing an inductance L, 
aii<l the other branch containing a cajMcity C, as shown. The two 
branches constitute a closed circuit in and of themselves; andif thc 
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frequency of the alternator ia eqmil to the critical f rtK|nency of the 
circuit constitutfHl by tho two branches — that is, if the frequency 

of the alternator ia equal to ■ — ■? — — , as per equiition 24, then 

the small current I from the alternator will divide into two 
currenta Ii and la in the respec- 
tive branches, and the currents 
Ii and Is may each be very much 
lai^r in value than the undi- 
vided corrent I. The fact is 
that, because of resonance, a very 
large current is made to sorge 
buck and forth around the closed 
circuit formed by the two 
branches. 

The multiplication of current by rfsonance may be clearly 
understood with the help of the clock diagram. Fig. 55. 

The line OE represents the electromotive force between the branch 
pointH a and b (see Fig. 51): the line I, represents the lagging current which 
the electromotive force E produc&s in 
the branch containing tho inductance; 
the line I, representu tho loading cur- 
lent which the elei^tromotivo force E 
produces in the branch cuntaining the 
condenctor; and the line I, which is the 
goometric sum of I, and I„ represents 
the total current in the undivided part 
.of the circuit in Pig. .^. 

Ej-aniple. Three similar 32- 
candle-power incandescent lamps Fig. 55. 

A, B, and D, Fig. 56, each having 100 ohms resistance, are con- 
nected as shown, to 550- volt mains; L is an inductance of 0.597 
henry; and C, a capacity of 2.49 microfarads. Then the current 
flowing through the lamp A is not quite 0.4 ampere, while one 
ampere of current flows through each of the lamps B and D. 

24. Use of the Condenser as a Compensator for Lagging 
Current. An alternator may be designed to develop a certain 
effective electromotive force E, and to deliver a certain effective 
corrent I, at full load. Now, the ix^rmissible power output of snch 
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an alternator would be EI watts to a non-reactive circuit having 
imity power factor (cos tf = 1); bat if the receiving circuit is 
reactive, the permissible power oatpnt of the alternator is only 

ma/n EI cos ^> where the power factor 

(coe &) may in practice have a 
valoe of 8/10 or less. If a 
condenser C of sufficiently large 
capacity. Fig, 57, is connected to 
the terminals of an alternator A 
which delivers current to an in- 
^'8- 56. dnctive receiving circuit R L, the 

effect of L will be neutralized; the corrent delivered by A wiU be 
in phase with the electromotive force of A; and the permissible 
power ontput will be EI. The 
condenser is said to compensate 
for the lading current taken by 
the inductive receiving circuit. 

Another advantage (aside , 
from the increase of the permis- 
sible power output of the gener- 
ator) that would result from this 
compensating of lading current Fig. 57. 

by means of a condenser, is that 

the electromotive force of the alternator would not fall off so much 
with increase of load as is the case when lagging current is not 
compensated for. The cost, however, of laige condensers is so 
great that their use for the compensation 
of lading current is not commercially 
practicable. 

Let Ir be the current delivered to 
the receiving circuit R L, Fig. 57. Let 
!r; be the current delivered to the con- 
denser C; this current is 90° ahead of E 
P'g' 58. in pheise. Let I, be the current delivered 

by the alternator A. It is desired that I. be iu phase with E, as 
shown in Fig. 58. Let cos fl be the power factor of the receiving 
circuit R L. 
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From Pig. 58 it is evident that Ic ia equal and opposite to that 
component of Ir which is at right angles to E, namely, Ir sin 0. 
Therefore, 

I. = I,8in(». (.•) 

— ^ (= 01 C E), that is, is eqnal to the 
electromotive force between the condenser terminals divided by the 
reactance of the condenser. The valne of s'- " '" 



y' R» +a.'L« 

and Ir = — ; so that, substitnting the valnes of I, 

and ein 9, equation i above becomes 

vhenoe 

in which R is the resistance (in ohms) of a receiving circuit; L is 
the inductance (in henrys) of the receiving circuit; (o is a factor 
equal to 2 w times the frequency in cycles per second; and C is 
the capacity (in farads) of the condenser required to compensate 
for the lagging current delivered to the receiving circuit. 

Example. An alternator having an electromotive force of 
1,100 volts and a frequency of 60 cycles per second, delivers 102.4 
amperes of current to a receiving circuit of which the power factor 
ia 0.871 (9.35 ohms resistance and 0.014 henry indnctance). A 
condenser to compensate for the lagging current in this case would 
have to have, according to equation 25, a capacity of 121.4 micro- 
farads, calenlatotl as follows: 

"= 9.35- + (2 ^''x^-X 0.014- '»"* = """l^U W 
= 121.4 microfarads. 
This condenser would take from the mains a current of 50.34 
amperes, which would bo 90° ahead of the electromotive force in 
phase, and this current would be equal and opposite to the wattless 
component of the 102.4 amperes of current delivered to the inductive 
circuit. Such a coudenser would require about 114,000 leaves 
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of tin foil 8 inches X 10 inches, eejiarated by 114,000 leaves of 
paraffined paper, each 0.03 inch in thickness. This wotdd give a 
stack of condenser leaves of about 400 feet total thickneBs; and the 
cost of material and labor would be at least $10 per microfarad. 
25. Circuits In Series. An alternator A, Fig. 59, delivers 



T 



mafn 



/na/n 




_-y- 



current to two coils (or ele- 
ments) in series as shown. 
Let Ei be the resistance, and 
Xi the reactance, of coil No. 1. 
Let Ra be the resistance, and 
Xg the reactance, of coil No. 2. 
Let I be the current flowing 
through the circuit; E the 
electromotive force between 
the mains; Ei the electro- 



Fig. .-W. 

motive force betwt«n the terminals of coil No.l ; and E, the elec- 
tromotive force between the terminals of coil No. 2. Let $ be 
the phase difference between E and I; Bi the phase difference 
between E, and I; and tf, the phase difference between E, and I, 
as shown in Fig. 60. 

Of course fli is the angle whose tangent is X , / ^ . fl, is the 
angle whose tangent is Xj / jj . and $ is the angle whose tangent 
isfX, + X,) /(K,-|-Rj)_ according to equation 22. 

The general relation between E i , 
Ea, and E is shown sufficiently by 
the clock diagram, Fig, 60, and this 
general relation neetl not bo further 
discussed. Two very important prac- 
tical cases, however, arise, which in- 
volve circuits in series — namely, the 
loss of electromotive force in trans- 
mission lines, and the loss of electro- 
motive force in alternator armatures, 

26. Electromotive Force Losses In Transmission Lines. 
An alternator of which the electromotive force ia E, delivers 
current over a transmission line of which the resistance is R, and 




Pig. 60. 
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the reactance (imlnctancG rcjtctancc) is X,, to a roccivhig cimuit 
of ivhicti the reBistance is Rj, and tho reactance is X.j. The total 
electromotive force used to overcome the resistance and reactance 
of the transmission line is E , , and the electromotive force between 
the terminals of the ruceiving circuit ia E^. The current delivered 
is I. Then the general relation between E, E,, and Ej is as 
shown in Fig. 60, except that Ea is usually viuch larger than £i 
in value. There are three interesting and simple special cases of 
electromotive force losses in transmission lines, as follows:* 

Case 1. When the receiving circuit i» non-reactive. In 
this case the electromotive force Ej between the terminals of the 
receiving circuit ia in phase with I, and the general diagram of 



. Pig. 81. 

Fig. 00 takes the form shown in Fig. 61. The total electromotive 
force Et consumed in the line, is sometimes called the Impedance 
loss; and its two components Ri I and Xi I, as shown in Fig. (il, 
are called the resistance loss and the reactance loss, respectively. 
Now, a careful inspection of Fig. 61 makes it evident that the 
numerical difference in value of E and Ej is very nearly eijual to 
the resistance loss in the line, Ri I; and that the reactance loss 
in the line, Xi I, has little to do with the difference in value of E 
and Ej. Therefore, when the receiving circuit ia non-reactive, the 
difference in value between generat&r electromotive force E and 
receiver electromotive force Et is sensihly equal to the resistance 
loss of electromotive force in the line, and sensihly independent 
of the reactance loss of electromotive force in the line. 

Case 2. When the receiving circuit is highly reactive. 
In this case the electromotive force E» between the terminals 
of the receiving circuit is nearly 90° ahead of I in phase, and the 
general diagram of Fig. 60 takes the form shown in Fig. 62. 

*NcTK. This discussion applies to comparatively short lines, ten miles or 
less in length, inasmuch ax the capacity ut the line is nut here taken into 
account. 
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A careful inspootion of Fit;. 02 makes it evident that the difEerence 
in value of E and Ei is very nearly equal to the reactance lose 
in the line, Xi I; and that the resistance loss in the line, Ri I, has 
little to do with the difference in value of E and E». Therefore, 
when the receiving circuit is highly reactive, the numerical differ- 
ence in value between generator electromotive force £ and receiver 
electromotive force Jd is sensibly equal to the reactance loss cjf 
electromotive force in the line, and 
sensibly independent of the resis- 
tance loss of electromotive force in 
the line. 

Case 3. When the receiving 
circuit has large capacity reactance. 
In this case the electromotive force 
Ej between the terminals of the re- 
ceiving circuit is nearly 90° behind I 
in phase, and the general diagram of 

. Fig. 60 takes the form shown in 

■ Fig, 63. A careful inspection of 
Fig, 63 makes it evident that the 
difference in value of E and Ea is 
very nearly equal to the reactance 
loss in the line, Xi I, and that this 
reactance loss is added to the gener- 
ator electromotive force E to give 
the receiver electromotive force E^. Fig. 62, 

Inspection of Fig. 63 shows furthermore that the resistance loss in 
the line, Ri I, has little to do with the difference in value of E and 
Eg. Therefore, when the receiving circuit has a high capacity 
reactance, the reactance loss in the line is sensibly equal to the 
rise in value of the electromotive force between generator and 
receiver, and this rise in value is sensibly independent qf the 
resistance loss of electromotive force in the line. Of course, it is 
confusing to speak of the electromotive force X, I as reactance 
loss when the receiving circuit has a high capacity reactance; it 
would be better in this case to speak of X, I as the reactance gain 
of electromotive force in the line. 
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27. Electromotive Force Losses In Alternator Armatures. 

Let E be the total induced electromotive force in the armature of 
an alternator, A portion Ei of this electromotive force is used to 
overcome the resistance R^ and the reactance X, of the armature; 
and the remainder Eg is available at the terminals of the alternator 
for producing current in the outside circuit, of which the resis- 
A tance is Rg and the reactance 

is Xj. The general relation 
between E, E,, and E, is as 
shown in Fig, 60, except that 
I E^ is usually muck larger 

than El in value. There are 
three interesting and simple 
special cases of electromotive 
force losses in alternator 
armatnres, as follows: 

Case 1. When the re- 
ceiving circuit is non-reac- 
tive. In this case the elec- 
tromotive force E, between 
the terminals of the alter- 
nator is in phase with the 
current I delivered by the 
machine, and the general dia- 
gram of Fig. 60 takes the form 
shown in Fig. 61, from which 
it is evident that when the 
receiving circuit is non-reac- 
tive, the numerical difference 
Fig. 63. in value between the total 

induced electromotive force E and the terminal electromotive force 
E, of the machine is sensibly ec^ual to the resistance loss of 
electromotive force, Ri I, in the armature, and sensibly indepen- 
dent of the reactance loss of electromotive force, Xi I, in the 
armature. 

Case 2. M'/ien, the receiving circuit is highly reactive. 
In this case the electromotive force Ej between the terminals of the 
alternator is nearly 90° ahead of I in phase, and the general diagram 
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of Fig. fJO tjikes the form shown in Fig. tJ2, from which it is evident 
that when the receiving circuit is highly ruiictivo the mimerical 
difference in value between the total induced electromotive force E 
and the terminal electromotive force Ei of the machine is sensibly 
equal to the reactance loss of electromotive force, Xi I, in the 
armature, and sensibly independent of the resistance loss of electro- 
motive force, Ri I, in the armatnro. 

Cake 3. When (he receiving circuit has large capacity 
reactance. In this case the electromotive force Ej between the 
terminals of the alternator is nearly 90° behind I in phase, and the 
general diagram of Fig. 60 takes the form shown in Fig. 63, from 
■which it is evident that when the receiving circuit has a high 
capacity reactance the difference in value between E and Ea is 
sensibly equal to Xi I, ^ heiiig larger than £, and sensibly 
independent of the resistance loss of electromotive force, Ri I, in 
the armature. 

MEASURING INSTRUMENTS. 

28. The Hot-wire Ammeter and Voltmeter.* In these in- 
struments the current to be measured is sent through a stretched 
wire. The wire, heated by the current, lengthens, and actuates a 
pointer which plays over a divided scale. 

The hot-wire iiiatrumentt when calibrated by continuous 
currc-Hta, indicates effective values of alternating currents; and 
when calibrated hy contiuiwus electromotive forces, it indicates 
effeciire values of alternating electromotive forces. 

PROOf. CoQBider an alternating current and a continuous current C 
which give the same readiug. These currents generate heat in the wire at 
the tame average rate. This rate is RC for the continuous current, and 
R X average i' for the alternating current, i being the instantaneous value 
of the alternating current. Therefore RC = RX average i'% or C =^ aver- 
age t*; or C= v' average i*. 

The proof for electromotive forces is similar to this proof tor 
currents. 

♦Note. All voltmeters except the electrostatic voltmeter are essentially 
ammetets; that is, the electromotive force to be measured produces a current 
which actuates the instrument. The scale over which the i>ointer playR, may 
be arranged to indicate either the value at the current flowing through the 
instruiuent, or the value of the electromotive force acting between the termi- 
nals uf the instrument. 
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Fig. 64 is a general view of the hot-wire ammeter of the Stan- 
ley Electric Manufactaring Company. The current to be measured 
passes through a short 
wire of platinum -silver 
alloy which is placed, 
properly protected, in 
the circuit; and the 
elongation of the wire 
due to the heating effect 
of the current actuates 
the pointer, which is 
delicately mounted in 
jeweled bearings. Only 
a small portion of the 
current measured passes 

through the hot wire, but Fig. 84. 

the main portion of the current passes through a shunt of low 




Fig, 650. 
29. The Electro-dynamometer Used as an Ammeter. The 

electro-dynamometer consists of a fised coil and a movable coil 
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connected in seriea, through both of which the current to be meas- 
ured flows. The current causes the fixed coil to «xert a certain 




Fig. m. 
force upon the movable colt; and the value of the cumint is deter- 
mined either (a) by observing the angle ^ through which a helical 



,v Google 



ALTERNATING CUERENT MACHINERY 57 

spring must be twistttl (by hand) in order to balance the above- 
mentioned force, or (6) by allowing the force to turn the movable 
coil, and move a pointer over a divided scale. In the Siemens 
elcctro-dynamometcr, method o is employed; in many commercial 
forms of electro-dynamometer, method h is emiiloyed. 

The essential features of the 
HiemenB electro -dynamometer are 
shown in Figs. 65a and Gob. The 
stationary coil A is supported by 
a clamp attached to the standard 
^pH; and the movable coil B is hung 
by a thread, the plane of coil B 
being at right angles to the plane 
of coil A. The terminals of the 
movable coil dip into cups of 
mercury a a, and the current to 
be measured is sent through both 
coils in series. The force action 
between the coils is balanced by 
carefully turning the torsion head 
e by hand, thus twisting a helical 
spring J, one end of which is 
attached to the coil B and the 
The observed angle of twist necessary 
to bring the swinging coil to its zttro position, is read off by means 
of the pointer d and the graduated scale c. The pointer^ attached 
to the coil shows when it has been brought to its zero position. 
The observed angle of twist of the helical spring affords a measure 
of the force action between the coils, and the current is propor- 
tional to the square root of this angle of twist. That is, 

l-=l■^ ^, (26) 

in which I is the effective valne of tlie alternating current; ^ is 
the obeer\"ed angle of twist of the helical spring S; and A is a con- 
stant calle<l the reduction factor of tlie instrument. 

Kjraiiiplc. A twist of 2'20'' is re<iuire<l to balance; the force 
action of 18.8 amperes in a certain Siemens elect ro-<lynamometer, 
so that the reduction factor k of the instrument is, by equation 




Pig. 87. 
other to the torsion head c 



,v Google 



58 ALTERNATING CURRENT MACHINERY 

26, equal to 1S.8 ampfrea dividal by V 220, or 1.267. A certain 
current to be uifiisuivd requires a twist of the torsiou lieiul of 105°, 
hence the value of the oorrent is equal to 1.2G7 mtdtiplieii by 
V 165, or 16.28 amperes. 

27ie electro-ihjnamometer, when standardised by direct cur- 
renia, indicates effective values of alternating ctnrents. 

Pkoof. a given deflection of the Busi«nded coil dependa upon n dt'li- 
nite average or constant force action between the coils. The constant forcMs 
action due to a con.'itant current C is kC* (proportional to C); and the aver- 
age force action due to an alternating current ix A? X average t'; tso that it 
these currents give equal deflections, we have kC' = it X average t'; or C* =: 
average i'; or C := V average ('• 

The electro-dyiiauiometer is the standard inBtnunent for nieas- 
urii^ altematiitg currents, and it is always nsed in accurate meas- 
urements. 

30. The Electro-dynamometer Used as a Voltmeter. When 
used as a voltmeter the coils of the electro-dynamometer are made 
of fine wire, and an auxiliary non-inductive resistance is usually 
connected in series with the coils. 

When the inductance of the electro-dynamometer coils in 
g?nall, such an in«trument, when calibrated by continuous electro- 
motive forces, indicates effective values of alternating electro- 
motive forces. 

When it is certain that the inductance of an electro-dynamo- 
meter is negligibly small, the instrument may be used in refined 
alteraating electromotive force meusnremeuts. 

Inductance Krror of the Electro-dijnamometer Used as a 
Voltmeter. An electro-dynamonieter which has been calibrated 
by continuous electromotive forces indicates less than the effective 
value of an alternating electromotive force. Let E be the reading 
of an electro-dynamometer voltmeter when an alternating electro- 
motive force (harmonic), of which the effective value is E, is con- 
nected to its terminals. That is, E is the continuous electromoti\'e 
force which gives the same deflection as E; and, since E gives the 
same deflection as E, it follows that the effi'ctive current i>roduced 
by E is equal to the continuous current produced by E; that is, 
E ^E 
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in vhich E is tlie total resistance of the instrument; L its induct- 
ance; and oi = 2ir_/) where / is the frequency of the alternating 
electromotive force. Solving equation (a) for E, we have, 



^V R' + 
E 



E= '"r-" E (b) 



That Is, the reading of the instrument most be multiplied by the 
factor 

1^ r^+^m;' 



R 

to give the tme efifective value of a harmonic alternating electro- 
motive force. 

Plonger-type voltmeteni ulso have inductance errors. 

31. The Electrostatic Yoltmeter. Two metal platea con- 
nected to the terminals of a battery, or to any source of electro- 
motive force, attract each other with a force strictly proportional 
to the square of the electromotive force. This principle is applied 
in the electrostatic voltmeter, which consists essentially of a Sxed 
metal plate and a movable plate delicately mounted on a jeweled 
pivot. The movable plate carriee a pointer, which plays over a 
divided scale. The electromotive force to be measured is conuected 
between the tixed plate and the movable plate ; and the electrical 
attraction between the plates causes the movable plate to turn about 
its supporting pivot and move the pointer. Such an iitetruiaent, 
when callbrate/l hy continuous el'ectromotive farce, indicates effne- 
tive values of alternating eh'ctronuitlve force. 

PiiooF. A given deflectioa of the movable plate depends 
upon a definite average or constant force action between the two 
plates. The force action due to a constant electromotive force E is 
X'E^ (that is, the force is proportional to W) ; and the average 
force action due to an alternating electromotive force e is /■ X 
average «*. If these electromotive forces give equal deflections, 
the constant force ^E must be equal to the average force k X 
average (-■' ; that is, 

/E' = k average t'; 
or, E" = average c'; 

or, I average i:' = E. 



,v Google 



00 ALTERNATING CUKKENT MACHINERY 

Tbie is the staDdard instrument for meaBiiring alternating 
electromotive forces, espeeiallj very high ones. 

Fig. 06 represents the essential parts of the Stanley elec- 
trostatic voltmeter. A pair of light metal plates AA are carried 
l)y an arm mi, which is supported iu jeweled bearings and held in 
a certain ponition by a delicate hair spring S. To these movable 
plates A A and the arm <i'i, are attached a pointer P and two lingers 
FF. The [winter moves over a scale calibrated to indicate volts ; 
and the fingers FF carry two thin vanea W, which move, without 
touching, in two narrow air chambers DD, the latter serving as 
dash-pots or dampeners to bring the movable plate quickly to rest. 
One terminal of the cii-cuit whose electromotive force is to be 
measured, is connected through the hair spring to the plates AA; 
and the other terminal of the circuit, is connected to the fixed metal 
plates CC ; these plates are encased in a sheathing of hard rubber 
HH, which tends to prevent sparking across from (X- to A A. The 
action of the electromotive force is to cause the plates CC to attract 
the movable plates AA, and this moves the pointer P over the scale 
of volts. The metal plates BB are connected by a wire to the hair 
spring, and thence to the plates A A. The object of the plates BB 
is to shield the movable plates A A from all external objects except 
the attracting plates CO. 

The electrostatic ground detector is a modified electru^^tatic 
voltmeter. Its essential features are shown in Fig. 67. Two 
metal plates A and B are connected to the two mains a and b 
(usually through two high resistances RU) ; and a light movable 
metal plate iii, suspended between A and B, is connected to ground 
(usually through a high resistance It). If both lines are equally 
well insulated from ground, the plates A and B are each at the 
same electrical pressure or potential, and they attract the plate vi 
equally, so that the plate m hangs midway between them. If one 
of the mains, say (/, is grounded, its pressure or.[)Oteutial becomes 
equal to the potential of in, so that plate A no longer attracts w, 
and the plate in. is therefore pulled to the right by theattractioii of 
B. This movement is indicated by a pointery^ 

The same results may be accomplished, when the plate in- is 
entirely insulated from the ground, by having a grounded auxiliary 
stationary plate near la. 
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ALTERNATING CURRENT 
MACHINERY. 

PART II. 



VOLTMETERS (Continued). 

The eBseotial features and mode of conDectJon of the General 
Electric Company's electrostatic ground detector are shown in Fig. 
68 ; and a general view of the instrument, with cover removed, is 
shown in Fig. 69. 

Fig. 70 shows tlie connection of two instruments to three- 
phaRe mains. 




GROUND 

Fig. 68. 
3a. The Spark Gauge. The high electromotive forces used 
in break-down teats are usually measured by means of the spark 
gauge. This consists of an adjuetahle air gap, which is changed 
until the electromotive force to be measured is just able to strike 
across in the form of a spark. The electromotive force is then taken 
from empirical tables based upon previous measurements of the 
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electromotive force required to strike across Tarioaa widths of gap. 
Id the spark gauge of tlie (ieneral Electric Company, the spark 




gap is betwef n metal points, one of which is attached to a microm- 
eter screw whereby tlie gap 
space may be adjusted and 
measured. The striking dis- 
tance in any epark gauge 
varies greatly with the con- 
dition of the points. It is 
therefore necessary to see 
that the points are well pol- 
ished before taking measure- 
ments. 

Fig. 71 is a general view 
of the high-potential testing 
transformer of the General 
Electric Company. The 
spark gauge is shown mount- 
ed on top of the instrument. 
While being used, the gauge is protected by a cover (shown re- 
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moved in Fig. 71). The function of this cover is to keep the 
observer's fingers from the dangerous high-potential points of the 
gauge; and the cover, moreover, acts as a switch that antomaticallj 
disconnects the gaugo from the high-potential terminals of the 
transformer when the cover is removed. 

33. Plunger'Type Ammeters and Voltmeters. In instru- 
ments of this type the current to be measured passes through a coil 
of wire that magnetizes 
and attracts a movable 
piece of soft iron to 
which the pointer is 
fixed. 

When a plunger- 
type instroment is cali- 
brated, nsing direct- 
electromotive force (or 
current), it does not in- 
dicate effective values 
of alternating electro- 
motive forces (or cur- 
rents) accurately. A 
plunger -type meter 
(ammeter or voltmeter) 
should be calibrated, 
using alternating cur- 
rent of the same fre- 
quency aa that for 
which the meter is afterwards to be used, and of the same wave shape. 
Thus, if a plunger instrument is to be used as an ammeter for alter- 
nating currents of a given wave shape and frequency, it should he 
calibrated by currents of this wave shape and frequency, these cur- 
rents, for the purpose of the calibration, being measured by a stand- 
ard alternating- current ammeter, such as an electro-dynamometer. 

The indications of a plunger instrnment, however, do not vary 
greatly with wave shape and frequency, and such instruments are 
practically correct for any ordinary wave shape and frequency. 

The Thomson incllned«co]l meter of the General Electric Co. 
is essentially of tho plunger type. The working parts of this in- 




Pig. 71. 
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atrument are shown in Fig 72. A coil A, through which Howe thv 
current to be measured, is mounted with its axis inclined as shown. 
A vertical spindle mounted in jewel bearings and controlled by a 
hair spring, passes through the coil ; and to this spindle are lixttd 
a pointer /> and a vane of thin sheet iron a. This vane of iron ia 
mounted obliquely to the spindle. When thfe pointer is at the zero 



Fig. 72. 

point of the scale, the iron vane a lies nearly acrosa the axis of the 
coil ; and when a current passes through the coil, the vane tende 
to turn until it is parallel to the axis of the coil, thus turning the 
spindle and moving the attached pointer over the calibrated scale. 
Fig, 73 is a general view of a Thomson inelined-coil ammeter, 
and Fig. 74 is a view of the working parte of the instrument. The 



Fir. 7.3. Pig. 74. 

structural details of the inelined-coil voltmeter are identical with 
those of the ammeter, except that the voltmeter has line wire in 
the inclined coil and usually au auxiliary non-inductive resistance 
iu series with the inclined coil. 
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34. Measurement of Power In Alternating Circuits^. Tlto 
T/inv. Voltmeter Ueilwd. A non- inductive resistance II, Fig. 75, 
is conDected Id suries with the circuit he (the primary coil of a 
transformer, for example), in which the power P (to be determined) 
is expended. The electromotive forces E, between ali, Ej between 
ftc', and Eg between mc, may be observed by meaua of one voltmeter, 
a three-way switch being nsed to enable the voltmeter terminals to 
be quickly transferred from ah to $c to ae. The three readings 
should be taken as nearly simultaoeoasly as possible. Then 

„ E/-E,'-E.' , , 

l'--"^I{- ■ (27) 




This equation ia true whatever the wave shape of the electromotive 
force or current, and whatever the reactanceof the circuit Ac may be. 

Proof. — Let e„ e„ and e, be the instantaneous electromotive forces 
between ab, be, and ac, respectively; then 



average e^ = ai-erafii! r,' + 2 averatce f,r. + averaf;e e,'. (tii) 

But, 

E,' " average «,', K,' — ai'erage c,', and E,' — av'erape f'. 

* NoTE.^ — In altcrnalinf! clrtuils power cannot l>e measured by meanH of 
an ammclcr and a voltnielcr, as in the (-asc of direet current, for the reason 
that the power expended is, in general, lesstlian the piwhicl of effective electro- 
motive force and effective current, on account of the difference in phase of the 
current and the electromotive force. 
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Further. ,J it llie iiiKtutitiuiiixix I'lirrciil in alic;~e, is Die iiuitjinlnnpmiH poiver 
expended in If; and aviriiKe ( ' e^, or ., X nvernge (r,r2) 's "'c average |iower 
I'expcridtil in If, so tlial ;iverage (e,rj ^ RP. Therefore equation tit licconips 



The three- voltmeter methiKl la subject to large errors. To 
ohtatn the most accurate results the electromotive forces E, and E, 
must be nearly equal. The method is inconveaient in application, 
and is seldom need in practice. 

35. TfieThree-Aiii meter Method. The circuit CO, Fig. 76, in 
which the power P to be measured is expended, is connected in 
parallel with a non-inductive resistance R ; and three ammeters 
are placed as shown. Then 

P = J(I,'-V-I,') (aS) 

in which I,. I, and I, are the currents indicated by the three ammeters. 

Proof. — X^t t„ t, and i, be the mstantaneous values of the currents I,, 
I„ and I,. Tlien 

t, = 1-, + t, (0 

t,' = t.' + 2i,i, + i,') ; (h) 

average t,» = average t,' + 2 average (i,tj + average i,'. {Hi) 
But I,' = average i,' ; I,' — average i,' ; and I,' — a\-erage t,'. 
Further, the instantaneous electromotive force Itetween the terminala of 
li or of CC is Rt,, so that Riji, ia the instantaneous power expended in CC, and 
R X average (i|ij} is the average power P expended in CC. Therefore average 



,) ^ ij, and equation iii lieeomes: 



I.' -■,■ + ? + I." ; (■■") 



= a.'-v-i.')- 



The three-ammeter method is more convenient in practice 
than the three-voltmeter method because it does not require a sup- 
ply of alternating current at a voltage higher than that for which 
the apparatus CC, Fig. 70, is designed. This method of measuring 
power, is however, little used in practice. 

36. The Wattmeter. A good wattmeter is the standard in- 
strnment for measuring power in iilternating current circuits. The 
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wattmeter is an electrodjnamometer, oE which one coil a, Fig. 77, 
.made of fine wire, is connected to the terminals oE the circuit CC, 
in which the power to be measured is expended. The other coil A, 
made of large wire, is connected in series with CC, as shown. The 
fine-wire coil a is movable, and carries the pointer which indicates 
on a divided scale the watta expended in CC. 

Suchan tTistrument whan calibrated with eontiiMMtiB currerU 
and electromotive force indicates power aeeurately when vsed with 
alternating currents, 2>Tovided the inductance of the circuit ar is 
aviall. This is true whatever the wave shape of the electromotive 
force or current, and whatever the 
character of the receiving circuit ma/n 

CC may be. Thus the circuit CC 
may have any reactance. 

Proof. — A pven deflection of the 
movable coil a depends upon a certain 
average or constant force action be- 
tween the coils. Consider a continuous 
electromotive force E, which produces a 



currant 
and b. 



I, and a current C i 



iCC 



the 



The force action between the 
is proportional to the product of 
currenta in a and b; that b, the 




Fig. 77. 



force action 'lAk yC — X C, where it is a constant. 

Connder an alternating electromotive force of which the instantaneous 
value is e: this produces a current — through a (provided the inductance of a 
is zero), and a current i in CC and b. The instantaneous force artion between 
the coils is ik X — X i; and the average force action is — X average (ei). If 
this alternating electromotive force gives the same deflection as the continuous 
electromotive force, then 

- X average (et) — -EC ; 

average <et) = EC 
That is, the given deflection indicates the same power whether the currents ara 
alternating or direct. 

Let P be the true power delivered to the circnit CC as 
measured by a wattmeter; let E be the effective electromotive 
iorce between the terminals of CC as measured by an alternating- 
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current voItiTwter; and let I be the effsctiv© current flowinjj in CC 
as meaaured by an alternating-current ammeter. 

p 
Then the ratio sr,- is called the power fuctnr of the circuit CC. 

Exa-wples. The primary coil of a certain 5-kilowatt trans- 
former with secondary coil open -circuited takes O.l-l amjHjre from 
1,000-volt mains; and the power as measured by a wattmeter is 
100 watts. The power factor, therefore, ia, 

100 watts _ 




1,000 volts X O.li ainj>ere 

One of the stator circuits of polyphase induction motor run- 

ing unloaded has a power factor of 0.6. It takes 2 amperes 

from 200-volt mains. The true 

power, as would be indicated by a 

wattmeter, is, 

P = 200 volts X 2 amperes X 0.6 = 
240 watts. 
If a wattmeter is connected aa 
shown in Fi^. 77, it measures the 
power delivered to the circuit CC 
plus the power consumed in beating 

fTtam J I the circuit ar; hence the wattmeter 

Fig. 78. reading is greater than the power 

delivered to the circuit CC 
Again, if a wattmeter is connected as sliuwn in Fig. 78, it 
measures the power delivered to the circuit CO plus the power 
consumed in heating the coil h; hence, in this case also, the watt- 
meter reading is greater than the power delivered to the cir- 
cuit CC. 

The compensated wattmeter of the Weston Electrical In- 
strument Company is designed to eliminate the alwve- mentioned 
Bonrces of error. Id this wattmeter the connections are as shown 
in Fig. 77. 

Let C l>e the current in CC, and let a be the current in o and r. Then 
the current in 6 ia C + a, and the forc« action upon (he nioialile cojl ia pro- 
portional lo the product a (0 + a), instead of l)einp proportioiiul lo the prmluct 
aC. In the compensated wattmeter, the wire leading over to the coil a, con- 
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iieclod aa shown, is laid alongade each and every turn of wire in coil 6. ThcD 
mrreiit + a flows down through b; current a flows back alongside (he wire of 
coil b; aod t'lc result is the same aa if the current a were siibtnicted from the 
current C + a, so far aa the magnetic action of the coil 6 is concerned. 

37. The recording wattmeter is bd iDstrament. for snmming 
up the total work or energy expended in a circuit in a giren time. 
The recording wattmeter, so called, does not measure wattB but 
watt-hours or kilowatt-hours, and would more properly be called a 
watt -hour meter. 

The Thomson recording wattmeter is a small electric motor 
■without iron, tlie field and armature coils of which oonstitate an 
electrodynamometer. 



The field coils BH of this ii 
circuit CC, in which Ihe work to 
be measured is expended. The 
armature A, topet her wifhi 
iliary non-inductive resislance R, 
is connected between the termi- 
nals of the circuit CC, as shown. 
Current is led into the armature 
by means of the brushes i^if press 
ing on a small silvi 
tor e. 



', Fig. 79, are connected in neriee w-ith the 



DiflCUSSION ( 

I Re< 



E Thom- 




Rg. 79. 



I W 

— The stationary and movable 
coils of the Thomson watt-hour 
meterare connected to the mains 
and receiving circuit (tlmt is, to 
the load) exactly as are the sta- 
tionary and movable coils of the 
indicat'.ng watt-meter; and the 
torque which the stationary 
(field) coils exert upon the mo\'able coil (armature) is proportional (o the watts 
delivered; that is, is proportional to the rale at which energy is being delivered 
to the receiving circuit. 

The instrument is so constructed that the speed of its armature is pro- 
portional to the torque that drives it. Therefore the rate of turning of (he 
armature is proportional to the rale at which energy is delivered to the circuit 
CC. Hence Ike Mat number ofTei'dhitionn fumedbij the armaivrein a given tim« 
M proporiioruil to the total eiiergij tTjietiilfii in the rirctlit CC!. 

To make the armature speed proportional to the driving torque, the 
armature is mounted bo ;»s to Ije free, as nearly aa possible, from ordinary fric- 
tion; and a copper disc /, I'ig. 79, is mounted on the armature spindle so as to 
rotate lietwecn the poles of permanent steel magnets MM. To drive auch a disc 
requires a driving torque proportional to its speed. 
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The StartiiKj Coil. Id the above discuseion it ia aesuined 
that the torque which opposes the motion of the armature A, Fig. 
79, is proportioDal to the speed of the armature. In fact, however, 
this opposing torque maybe considered as consisting of two parts: 
(1) the torque required to overcome friction ; and (2) the torque 
required to overcome the damping action of the magnets on the 
copper disc. The first part of the torque may l»e taken to be ap- 
proximately constant, while the second part is accurately propor- 
tional to the speed. Therefore an arrangement for exerting on the 



Fig. 80. 

armature a constant torque, sutHcient to overcome friction, would 
largely eliminate errors due to friction. This is accomplished in 
the Thomson meter by supplementing the field coils B. Fig. T'J, 
with an auxiliary field coil ci'iittecfed in ths arm-ature circuit. 
This auxiliary field coil is called a starting coil. So long aa the 
electromotive force between the mains does not varj*, the current 
in the starting cuil is constant, and it therefore exerts a constant 
torque upon tlie armature. If, however, the electromotive force 
Inttween the mains varies, the tori]ne, due to the startingcoil, 
varies with the square of the electromotive force. 
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E-tamj)Je. A certain recording wattmeter will not ran, even 
if started by a slight impulse from tbe hand, until the delivered 
power reaches 37,5 watts ; that ia, the running friction of the watt- 
meter IB equal to the driving torque produced by 37.5 watts of de- 
livered power. This wattmeter is 
adjusted (by moving the damping 
magnets) so as to read correctly 
when the delivered power is 500 
watts. What will the instrument 
indicate when run for four hours 
with constant delivery of 200 
watts of power ? 

Let us express driving lorqxie in 
terms of watts oj power delivered to the 
receiving drcuit, since thedrivinf; tJirque 
is proportional to the watts delivered. 
pj|, 8j Let ua express apeed in t«rm8 of ujo/i- 

hours indicated by the dials per hour. 
Now, the speed is proportionnl to that part of the driving torque which is used 
to overcome the retarding action of the damping magneta. In the problem under 
consideration, the total driring torques are .100 waits and 200 waits respectively ; 
and since the running friction absorlw 37!^ wa"s of torque, the torques avail- 
able for overcoming the retarding action of the damping maRnetfl are respectively 
(500 - 37 H) watts and (200 - 37J^ 
watts. The speed in the first case is 
500 watt-houre per hour. Let x be 
the speed (watt-houre indicated per 
hour) in the second case. Then 
(500 - 37 H) : (200 - 37H) : : 500 : a; 
This f^ves a valne of 175.S watt- 
hours per hour for x, so that the watt- 
hours recorded in four hours run will 
be 4x175.0 watt-hours per hour, or 
702.4 watt-hours. The actual total 
of watt-hours deli^'e^ed is of course 4 
hours X 200 watU, or 800 watt-hours. 
The effect of running friction 
in a recording wattmeter is to cause pig, 32. 

the instrument to read low for an 

amount of delivered power that is less llinn the delivered power forwhich 
the damping magnets are adjusted to give a correct reading. 

Fig. 80 shows a general view of a Tlioiiieon recording watt- 
meter (watt-hour meter). Fig. 81 shows the connt-ctione of a 
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Thomson recording wattmeter to two-wire supply maina (single- 
pLase); and Fig. 82 shows the connections of aThomeon recording 
wattmeter to three-wire snpply mains (single-phase.) 

Directions for Reading Recording Wattmeter Dials, To 
read correctly the dial of a recording meter, Bonie care is necessary. 
The figures marked under or over a dial fl.OOO, 10.000, etc.), are 
the amounts recorded by a complete revolution of the hand, there- 
fore, one division on a dial indicates one-tenth of the amonnt 
indicated abo7e or below. A complete revolution of the first hand 
(the one to the extreme right) in diagram No. 6, Fig. 83, for 
example, indicates 1,000, and moves the second hand one division 
of the second dial. The first hand, in the position given it in the 
diagram, indicates 700 — not 7,000. 

Id deciding on the reading of a hand, the hand before it (to 
the right) must ho consulted. Unless the hand before it has 
reached or passed the 0, or, in other words, completed a revolu- 
tion, the other has not completed the division on which it may 
appear to rest. For this reason, ease and rapidity are gained by 
reading a meter from right to left. For example, in Diagram No. 
2, the first dial (the extreme right) reads 900. The sfcond 
apparently indicates 0; but, since the first has not completed its 
revolution, but indicates only fl, the second cannot have completed 
its division; hence the second dial also indicates 9. The same is 
true of the hand of the third dial; the second, being '■>, has not 
quite completed its revolution; so the third has not completed its 
division, and therefore we ^ain have 0. The same holds true of the 
hand of the fourth dial. The last hand (the extreme left) appears to 
rest on 1 ; but since the fourth is only 9, the last has not completed 
its division and therefore indicates 0. Putting the figures down 
from right to left, the total reading is 999,900, though one might 
erroneously read 1,999,900, making a mistake of 1,000,000 units. 

The hands sometimes become slightly misplaced, as shown in 
diagrams Nos 8, 9 and 10. In No. 8 we have on the first dial 
(the extreme right) 0; we therefore put down three zeros, thus: 
000. The hand of the second dial is misplaced; for inasmuch as 
the first registers 0, the second should rest exactly on a division; 
therefore we know that it should have reached 8, making 8,000. 
The remaining hands are correct, and make a total of 9,928,000. 
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Ifi diagram Nti. )i the Bucond Land is misplaced; for since 
the first indicates 1, the second should have just jmsaed a division, 
and, aa it is nearest to the 8, we know it should havo just passed 
that figure. The remaining three hands are approximately cor- 
rect. Tlie total reading is '.1.918.100. 

In diagram No. 10 the second hand is behind its correct 
position. Tho total indication is 9,1)28,300. 

By carefully following these directions one will find little 
difficulty in reading a meter even if the hands become misplaced 



ThauMRds of Watt-hours. 

FiK. M. 

The above directions apjily to recording uattinetere of all 
kinds — induction wattmeters aa well aa Thomson wattmeters. 

Calculations of Customers' Bills. The consumption of energy 
in watt-houra being known, the exact amount of the bill can at 
once he read from a price chart, one of which is shown in Fig. 84. 
Dollars and cents are read from the vertical line at the left, while 
the horizontal line at the bottom of the chart indicates thousands 
of watt. hours. To dt-termino the amount to he charged for say 
2fi,000 watt-houra at 25 wnta per 1.000 wutt-houi-a, folh)W the 
vertical line marked '21) to its intersection with Ihe diagonal line 
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marked 25 centB. From the intereection of theee two lines, follow 
the horizontal line to the left, and find $6.50, which is the smount 
of the hill for 36,000 watt-hours at 25 cents per 1,000 watt-hours. 

ALTERNATORS. 

38 a. The fundamental Equation of the Alternator. The 

equation expressing the effective electromotive force of an alterna- 
tor in terms of the useful magnetic flux per pole, the number of 
poles, the number of armature conductors, and the speed of the 
armature, is called, from its importance in calculations in designing, 
the " faudamental equation of the alternator." This eqaation is 

E = -^^i— volts, (390) 

in which 

E is the effective electromotive force of the alternator ; 

K is what we shall call the electromotive force factor of the 
machine: 

J) is the number of poles of the field magnet ', 

4> is the useful magnetic liux per pole, that is, the number of 
lines of magnetic flux that cross the gap from one pole into the 
armature ; 

a is the speed of the armature in revolutions per second ; and 

Z is the total number of conductors on the surface of the 
armature. 

The value of K depends upon the 
ratio of breadth of pole face to pole pitch, \ / 

and upon the distributiou of windings \ NJ / S / 

upon the armature core. ^ ^"^Z 

Discussion of Equation 29a- We kT "^ 

shall discuss this equation for the sim- ^v^-""" "•^/^ 

plest case only, that is, when the arma- „ „ 

ture conductors are concentrated in one 

slot ]K'r pole, Tliis type of winding is called a concentrated or 
uni^oil winding, as shown in part in Fig. 85. 

A given conductor cuts j>^ lines of force in passing all of the 
|)olt!9 in one revolution ; and since the armature makes 11 revolu. 
tions per second, the given conductor cuts >'j'^ lines of force per 
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second. Now, by definition, the cntting of one line of force per 
second induces in b conductor one c.<j.s, (eentimeter-gram. second) 
nnit of electromotive force. Therefore there is an average of np^ 
c.</.s. anits of electromotive force induced in one armature conduc- 
tor ; but since there are Z armature conductors in series between 
the collector rings, the average electromotive force between collec- 
tor rings is 

Znji^ c.^.#. unite 

Znp* , 
or — ijig^ volts. 

The factor by which the aven^ electromotive force must be 
multiplied to give the effective electromotive force is called the 
" form factor of the electromotive force curve of the alternator." 
Therefore, if K is this form factor, we have: 

Effective E = —\di~ ^o^**- 

This equation may be written so as to give the electromotive force 
(effective) of the alternator in terms of the number of turns T of 
wire on the armature, and of the frequencyy, as follows: 

Since -g- ^ T, or Z = 3T, 

and j'li = 2/, 

therefore, substituting these values of ^/i and Z in equation 29(i, 
we have: 

E = — ■■ - . volts. (29*) 

Example. An alternator has 200 turns of wire on its arm- 
ature, and 1,000,000 lines of magnetic flux from each field pole. 
It is run to give a frequency of 125 cycles per second. The value 
of the factor K is 1.11 (sine-wave electromotive force curve and 
concentrated winding). Tlie effective electromotive force of this 
alternator, therefore, is: 
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38 b. The Electromotive Force Factor K in Equation 
39U. When the magnetic tlux is diBtributed in the ideal way 
explaiued below and represeDted in Fig. 86, the factor X is 
called the phaae constant of the wiDding. 

When the winding is concen- _ 

trated, the factor K is called the - 
form factor of the electromotive 
force curve. This factor K depends 
in general upon the [banner in 
which the magnetic flnx is distrib- 
uted in the air gap, and upon the 
manner in which the armature 
windings are distributed around ' 
the armature. 

Case I. When a Harmonic 
El'/ctromvt'ive J'^orceis Induced in Earh Turn of the Armature 
Winding. This is the case — never fully realized in practice — 
when the magnetic flux-density (that is, the field intensity in the 
gap space between the pole faces 
and the iron of the armature core) 
is zero at the points a. Fig. 86, and 
when this field intensity increases 
to a maximum at c and at r' in 




Fig. sa. 



3 




such a manner that the field intensity at any point I 
tional to the sine of the angle /3. 
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Cousider an armature rotating in a field distribiitt-d in the 
ideal way above Bpecifitnl, Suppose the winding to be arranged 
in slots «paced as shown in Fig. HI, four slots per pole. Fig. 88 
shows one group <t h c il of these slots drawn to a larger scale. 
Two wires on the armature, at a distance apart equal to the dis- 
tance between adjacent north poles, and subtending the angle q, 
Fig. 8S, have induced in them two electromotive forces. These 
forces are to be thought of as differing in phase by SOO', becaiise 
of the fact that the electromotive force in a given conductor 
passes through a complete cycle while the conductor moves 
from the center of a given north pole to the center of the next 
north pole. Therefore the phase difference of the electro- 
motive forces induced in the wires placed in slot a, and those 

induced in the wires placed in slot A, is — X 360'; or, in other 

words, this angle is: 

width of tooth + width of slot 

X 300\ 

circumference of armature -^- number of pairs of poles 

The lines A and B in the clock 

(^e) 1 ^"\-^ diagram, Fig. 89, represent in 

4*),-'''* ^^^-^"""^ magnitude and phase the electro- 
M-'' ^^...— -""'^ motive forces induced in the wires 

^^^i"'^ '1 slots o, Fig. 87, and in the 

^^#1^ wires in slots *, Fig, 87, respec- 

f"**" lively. SimUarly, the lines C and 

Pig_ 88. D in Fig. 89 represent the electro- 

motive forces induced in the wires 
in slots c. Fig. 87, and in the wires in slots </, Fig. 87, respectively. 
If, now, the windings in the slots «, i, c, and d. Fig. 87, are con- 
nected in series, the total electromotive force produced by all the 
windings will be represented by the line E in Fig. 89. The line 
E is the closing side of the polygon of which the sides (A), (B), 
(C), and (D) are drawn respectively parallel and equal to the 
electromotive force lines A, B, C, and D. The value of K, which, 
in the case of the ideally distributed field flux here considered, is 
called the "phase constant "of the winding, is equal to the ratio 
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E 
■^-.-; that id, the value of K is equal to the ratio of ihe length of 

the line E to four tiiiu>H the length of one of the lines A, B, C, or D 
Case 2. W/ii'n a J/arii)"iiw Jih-rtromotief- J'^irre tv JVot 
Induced ill E'tfh Turn, of the Aritiatura Winding. We shall 
diaeuBS, first, the case of tt eoiireiitraii-d winding (in which ease 
K is simply the " form factor " of the electromotive force wave); 
and then the case of a dixprihiiti'd winding. 

Fig, 90 shows a developed view of a four-pole alternator hav. 
ing four armature conductors a, h, c, and d. Of course, these four 
conductors are connected in series between the collecting rings (not 
shown in the figure) ; and in tracing the circuit from one collect- 
ing ring to the other, one would pass down along conductor a, then 
Across to conductor S, up h, then across to conductor c, down c 




Pig. 80. 

then across to conductor d, up d, and then to the other collecting 
ring. The directions of the electromotive forces induced in the 
various conductors are indicated thus © and $. The symbol O 
indicates an electromotive force directed t"-ir(/rd/> ihe reader, and 
the symbol & indicates an electromotive force directed awayfrom 
the reader. 

Let ns reckon time from the instant when conductor a is in 
the position shown ; and let time be plotted as abscissas, and suc- 
cessive values of the induced electromotive force as ordinates, in 
the diagram AB, Fig. 90. Suppose that the intensity of the field 
in the gap space between polo faces and armature core is uniform, 
and that it terminates slmrjily at the pole tips, that is, that there is 
no spreading of the lines of force such as is shown in Fig. 11 
(Part I). As a matter of fact, however, the field always does 
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epreud. Tlie armatiiitii conductors move with uniform velocity to 
^e right, and the ratio of breadth of jwla face ('» inclies) to pole 
pitch (10 inches) ia ■j\. 

Thi-n, during each cycle of whicli the duration is 20 units of 
time, the suceeseive instautaueouB values of the induced electromo- 
tive force are: — constant, positive, and equal to E for 6 units of 
time ; they are zero for i units of time ; they are constant, nega- 
tive, and equal to E for Q units of time ; and they are again zero 
for 4 units of time. The awraija vilue of the electromotive force 
during the first half cycle is therefore equal to 

E X ('. -I- X 4 (i , , 
If) = 10 1 volts. 

The squares of the successive instantaneous values of the in. 
duced electromotive force are; — constant, positive, and equal to W 
for G units of time ; they are then zero for 4 unite of time ; and 
so on. The average ixifiie of the nqtutres of the suecessive instan- 
taneous values of the induced electromotive force during half a cycle 
is therefore equal to 

E' X fi + 0' X 4 , , t; ,^ , ^ 

■ =-TT voltw - ■ ^ JL volts , 

from wliich we iiud the effective value by extraditing the square 
root. Thus, 

Effective value of induced electromotive force 



-\m 



Tlie value of K (form factor), in tlie case of a inm-t titrated 
wiudiug, is 

effective value \il) 
~ averse value ~ H ~ ■ 

10 ^' 
The value of K for a concentrate*! winding may be calculated, as 
in the above example, for any breadth of pole face. 

The value of K, in the case of a <//«^/7'i(.i6(^ winding, is cal- 
culat«d as follows : 

Fig. 01 shows a four-pole alternator with two armature con- 
ductors 11 and ft for each field pole. (Only two of these conductors 
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are Bhown in the figure). The cnrvti of tlie electromotive force 
inducL-d in all tlio a conductors is shown by the rectangular ^aves 
AB. Tliia electromotive force liaa a constant, positive value E 
for 13 units of time ; then a zero value for 8 units of time ; then 
a constant, nei^ative value E for 13 unitH of time ; and so on. 

The curve of the electromotive force induced iu all the h 
conductors is shown by the rectangular waves CD. This electro- 
uiotive force rises from zero to the full value E at the instant when 
the cotiductore h are in the position of it, as shown in the iigure ; 




Ontfia/f eyc/t \ 
j " a6un^?/mf\ 

Fig. 91. 
that is, the electromotive force induced in conductors b rises from 
zero to its full value E, 7 units of time before the corresponding 
rise of the electromotive force in conductors a. 

The total electromotive force curve EF, Fig. 91, of tho alter- 
nator, is found by adding corresponding ordinates of the curves 
AB and CD. A careful inspection and comparison of AB and CD 
shows that the total electromotive force of the alternator is zero 
for 1 unit of time, equal to £ for 7 units of time, equal to 2E for 
5 anita of time, and equal to E for 7 units of time, during each 
half cycle of 20 units o£ time. Therefore the average value of the 
electromotive force EF during half a cycle, ia: 
0_X_1 +_E X 7_+^E X ^+_^X_'5' ^ 24 



; X E - 1.2E. 
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Referring to tlie curve EF, Fig. i*l, it is evident that tlie 
squares of tbe euccossivo iiistantaneoiia values of the total electro- 
motive force of the machine are as follows: 0' for one unit of 
time, E' for seven unita of time, (2E)' for five units of time, and 
E' for seveQ onits of time, during each half cycle of twenty nnita 
of time. Therefore the average value of the squares of the electro- 
motive force EF during half a cycle, is 

(()' X 1) + (E' X 7) + (4E' X 5 ) + (E' X 7) ^34 

20 ■ 20 -^ ^ • 

and the effective value of the electromotive force EF ia: 



The value of K for the case under consideration, aa shown in 
Fig. 91, ifl the ratio: 

effective electromotive force 1.B04 

= 1.087, 



average electromotive force 1,2 

which is simply the form factor of the electromotive force curve 
of the alternator. 

Note. — The factor K is the same thing as form factor whenever the 
distance ab, Fig. 91, betneen the remotest conductors of a group of conductors 
is less than the distance cd between the pole tips, on the assumption that the 
magnetic lines of force do not spread into the spaces between the pole tips. 

39. Armature Reaction. The current that circulates ia an 
alternator armature has magnetizing action; and the actual 
useful flux 4> per pole is due to the combined magnetizing action 
of the field coils and of the armature coils. This magnetizing 
action of the armature current in its effect upon the useful 
flux <I>, ia called " armature reaction." In case the current in the 
tLTroB-tUTe I'/ f/s ie/ii 11(1 the electromotive force (when, for example, 
the outside receiving circuit has inductance, as when the alternator 
supplies current to induction motors), the effect of armature 
reaction is to reihire the useful flux 4> from each pole. In case 
the current in the armature is ahead (y^the electromotive force in 
phase (a condition that sometimes obtains when the alternator 
supplies current to a synchronous motor or to any receiving 
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apparatiiB over a long tranBiiiiBsioD line, or, in general, vhen the 
receiving apparatUB acts like a condenser), the effect of armature 
reaction is to uicreiine the nseful flux 4> from each pole. 

To state the matter in another way, it may he said that the 
effect of a lagging armature current is to oppose the magnetizing 
action of the field coiie. On the other hand, the effect of a lead- 
ing current in the armature is to help the magnetizing action of 
the field coils. 

In an alternator the invisible variations in phase difference 
between the armature current and the electromotive force, due to 
the varying character of the receiving apparatus, correspond, in 
their influence on armature reaction, to the visible variations in the 
position of the brashes of a direct-current generator. 

Fig. 92 represents a single-phase alternator running in the 
direction indicated by the curved arrow. The electromotive force 
induced in the armature coil A is zero at the instant when the 
armature is in the position shown; and if the armature current 
is in phase with the electromotive 
force, the current also will be zero 
at this instant. 

In considering armature reac- 
tion we shall discuss three cases, as 
follows: 

1. Armature current id phase with elec- 

tromotive force. 

2. Armature current lagging behind elec- 

tromotive force. 

3. Armature current leading the electro- 

motive force. 

Case 1. As the armature tooth 
A, Fig. 92, passes by the field pole 

N, the current in the armature coil on A is reversed in direction. 
If the current is in phase with the electromotive force induced 
in the armature, this reversal of direction of current occurs 
at the instant when the tooth A is squarely under N. In this 
case the armature current flowing in coil A just previous to the 
reversal (that ia, when the tooth A is approaching N), opposes by 
its magnetizing action the flux from N ; and after reversal the 
current in the coil A helps the flux from N. Therefore the former 
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OT deinagnetiziDg action of coil A is balanced by the BnbsequeDt 
magnetizing action ; and the only effect of the nrniature current 
in A is to weaken the one side of the {>oIe N, and to strengthen to 
an equal extent the other side, thus leaving the useful flux 4> un- 
changed. 

Cask 2. When the current lags behind the electromotiTo 
force, the reverBal of current in tlie coil A occurs at a later instant 
than in Case 1, that is, when the coil A has passed beyond the 
center of the pole N. Hence the demagnetizing action of the cur- 
rent in coil A before reversal lasts for a longer time than the 
magnetizing action of the current in coil A after reversal, and the 
demagnetizing action exceeds the magnetizing action. Therefor© 
the resultant effect of the armature reaction is to decrease the use- 
ful flux 4> from the pole JH. 

Cask S. "When the current is in advance of the electromotive 
force in phase, the reversal of current in the coil A occurs at an 
instant earlier than in Case 1, that is, before the coil A has reached 
the center of the pole K. Hence the demagnetizing action of the 
current in coil A before reversal lasts for a shorter time than the 
magnetizing action of the current in coil A after reversal, and the 
magnetizing action exceeds the demagnetizing action. Therefore 
the resultant effect of the armature reaction is to increase the use- 
ful flux 4> from the pole N. 

40. Armature Inductance. The value of the inductance of 
an alternator armature varies with the position of the armature 
coils with respect to the field magnet poles, so that the inductance 
of an armature increases and decreases at a frequency twice* as 
great as the frequency of the electi'omotive force of the alternator. 
The armature of the alternator shown in Fig. 1 (Part 1), for 
example, has about three or four times as much inductance when 
the armature teeth are squarely under the field poles as it has 
when the armature teeth are midway between field poles. That is, 
the fiiix produced through the armature teeth by a given current 
is three or four times as great in the first case as in the second 



*The electromotive force of an allemalor passes through a cycle when 
an armature coil paaaeB from a north pole of the field to the next norlh pole. 
The inductance paaeeB through a cycle of values wheo an armatuTe coil passes 
from one field pole to the next field pole. 
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case. Tbia fluctuatioD of armatnre inductance makes it very diffi- 
cult to predetermine tlie electromotive force, and, in general, the 
beliavior of a machine. In tlie following discussion the armature 
inductance is assumed to be constant. 

The inductance of bu alternator armature is proportional to 
the linear dimensions of the armature, other things being equal ; 
and the inductance of an armature of given size is much greater 
when the winding is concentrated than it is when the winding is 
distributed. 

A moderate amount of armature inductance is advantageous 
in alternators which are to be run in parallel ; and in case of a 
short circuit, the armature inductance keeps the current from be- 
coming excessive. Armature inductance is more or less objection- 
able in an alternator which is to be used to supply current at 
constant electromotive force, on account of the electromotive force 
that is lost in the armatnre, as explained in the next article. 

The inductance of an armature is best determined by sending 
through it when at rest, from an outside source, -a measured 
alternating current X, And measuring the electromotive force E 
between the collecting rings. Then 

E = Ir lF+~(^^ 

or, solving for L, we have: 

L-^^i-E'^lTi)'^ (30) 

Knowing the armature resistance and the frequency -,, — , we can 

find L from equation 'JO. The val iie of L depends greatly upon the 
position in which the armature is held, as explained above, and 
upon the degree of field excitation. 

ICxatuple. The armature of a single-phase alternator has a 
reeistance of 0.2 ohm. An electromotive force of 100 volts at a 
frequency of 125 cycles per second (i» = 785 radians per second) 
applied to the collecting rings of the armature at rest, produces an 
effective current of 100 amperes. Therefore the inductance of the 
armature, as calculated by use of equation 30, is 0.00125 henry. 

41. Electromotive Force Lost In Armature Drop. The 
electromotive force between the collecting rings of an alternator 
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with given load, ia less than the electromotive force between rings ftt 
zero load, with given field excitation, becanse of two electromotive 
force losBeB that occur, and becaDse of the effect of armatnre reaction. 

(a) The loss of electromotive force, or the drop, is due, in the first plare, 
to the resistance of the armature. This loss is equal to RI; it is in phaae with 
I; and it is precisely analogous to theelerlromotive force lost in a direct-current 
armature due to the ^^^8islall^e of Ihe armature. 

(6) The loss of cipclromotive force, or the drop, is due. secondly, to 
thi> inductance of the amialure. This loss is equal to at LI, and it is 00° ahead 
of I in phase. 

(c) The demagnetizing action of the armature current on the field 
lessens the useful flux, and thus indirectly causes a falling-off in the induced 
electromotive force. 

The result of the actions f> and e above is to cause a Iobb of 
electromotive force in the armatnre of the same character in each 
case in bo far ae phase relations with current are concerned. 
Therefore it is convenient to attribute the total effect of b and c 
to a fictitious armature inductance L', which ia, of course, larger 
in value than the armature inductance L in equation 30. The 
inductance reactance a L' corresponding to thia equivalent induct- 
ance L', is called the synchronous reactance uf the armatnre. 

An example of the cnlciiliil ion of synchronous reactance is given later 
on, in the articles on Alternator Losses, Efficiencies, etc. 

43. Alternator Regulation. Given an alternator, having 
constant field excitation. It has a certain electromotive force 
between collecting ringe when its current output ia zero. Aa the 
current output increases, the electromotive force between collector 
rings generally decreases, because of the actiona described in the 
foregoing article; and, conversely, aa the current output decreaaes, 
the terminal electromotive force rises. The increase of electro- 
motive force from full load to zero load, with conatant full-load 
field excitation, expressed aa a percentage of the full-load terminal 
electromotive force, ia called the regulation of the alternator. 

Kxample. A certain alternator gives 1,100 volts between its 
collector rings at fnll-load current and full-load field excitation. 
When the current output ia decreased to zero by opening the main 
switch, leaving the field excitation and speed unchanged, the 
terminal electromotive force risea to 1,166 volta. The regulation, 
according to the above definition, is: 
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1,166-1,100 ,„„ ^ 

^ ^^jQ - X 100 =: 6 per cent. 

The regnlatioD of a given alternator varies greatly with the 
character of the receiving circuit to which it delivers current. 
When the receiving circnit has large inductance reactance (as in 
the case of nnder-loaded transformers and induction motors), the 
terminal electromotive force, under increasing load, falls off very 
mncb more than when the receiving circuit is non-tndactive (as, 
for example, when the receiving circuit consists of incandescent 
lamps supplied through fully loaded transformers). In other 
words, the regulation of an alternator is larger for inductive 
receiving circuits than for non-inductive receiving circuits. If 
the receiving circuit has large capacity reactance (ae, for example, 
when the receiving circuit consists of over-excited synchronous 
motors), the terminal electromotive force of the alternator will rise 
with an increase of the curren t output ; and the regulation of thealter- 
nator, according to the above definition, will be negative. In prac- 
tice, the receiving circuit never as a whole has capacity reactance. 

Example. A given alternator has a regulation of 8 per cent 
on a non-inductive receiving circuit (unity power factor), and one 
of 15 per cent on ao inductive receiving circuit having a power 
factor of 0.8. 

43. Field Excitation. In most alternating-cnrrent systems 
the voltage at the points from which current is distributed is kept 
constant or approximately constant. This requires that the voltage 
at the terminals of the alternator be somewhat increased aa the 
amount of current (or load) is increased, the amount of the increase 
in electromotive force depending on the volts lust in the line. If 
the tield excitation of an alternator be kept constant while the 
current taken from the armature is increased, the voltage at the 
terminals will decrease, just as in the case of a direct-current shunt 
dynamo. Hence, in order to keep the volt^e at the terminals 
constant, or to cause a rise of voltage with increasing current 
output, it becomes necessary to increase the Held excitation witli 
increasing current output. 

There are in general three metUods in use for accomplishing 
this regulation: 
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1. By sdjiistable rheostat in alteroator field drcuit, or in eKciter field 
drcuil, or in Ijoth. 

2. By ooniposite field winding, which is a combination of self and 
separate field excitation. 

3. By coni|)cnaated field winding. 

Case 1. Separate Excitatinii-. The simplest method ia tliat 
illiiBtrated by the diagram, Fig. 93, in which A reprtjaents the 
armature winding, the terminala of which, T,, Tj, are connected to 
the collector ringa, which in turn are connected to the line wires 
through the brUBhes. 

The field of the 

alternator is excited 
by a set of coile on tlie 
pole pieces. These 
eoile are represented 
by F ; and current is 
supplied to these coils 
from a email direct- 
current dynamo, E, 
called the " exciter." 
This exciter is a aniall 
shunt- wound dynamo 
furnished with an ad- 
justable rheoatat ;■ in 
series with its field /'. An adjustable rheostat H ia placed in the 
alternator field circuit also. When the electromotive force of the 
alternator decreases, the Jield may l>e strengthened by cutting out 
resistance in either 11 or ?■, or ia both. 

Regulation by •;■ alone is generally used in large machines, 
since the exciter's field current is relatively small, while the alter- 
nator field current is usually large and hence would cause a largo 
I' It loss if passed through a rheostat. 

('are 2. C'lnqKiHiti'. E-erit'itinii. The electromotive force of 
an alternator excited as in (^ase 1 falls off greatly with increasing 
current output ; and to counteract this tendency automatically, an 
auxiliary field excitation is frequently provided, which increases 
with the current output of the machine. For this purpose the 
whole or a portion of the current given out by the machine is 
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rectified,* and sent through the auxiliary field coils. This 
arrangement is shown in Fig. 94. 

The field winding of the alternator has two seta of coils F and 
0. The coils F are separately excited ae in Case 1. The coils C, 
known as the " series " or "composite coils," are excited by the 
main current from the alternator. One terminal of the armature 
winding is connected directly to a collecting ring. The other 
armature terminal connects to one set of alternate bars of the 
rectifying commutator ii. From the rectifier the current is led 
through the winding (!, thence back to the rectifier, and thence to 
the other collecting ring. The sbunt S, within the commutator, 
may be used when it is desireiJ to rectify only a part of the current. 
There is also a shunt S' which 
may be used to regulate the 
amount of current fiowing 
through the coil C'. 

The alternating-current 
rectifier is an arrangement for 
reversing the connections of the 
field circuit with each reversal 

of the current from the alter- n 

nator, so that the current may 
flow always in the same direc- 
tion in the field circuit. The 
rectifier is a commutator 
mounted on the armature shaft. 
This commutator has as many 
bars as there are pules on the 
field magnet of the alternator. 

These bars are wide, and are pj q^ 

separated by quite nari'ow 

spaces filled with mica. Let these bars be numbered in order around 
the commutator. The even-numbered bars are connected together, 
and the odd-numbered bars are connected together. The connect- 
ing wire leading from one terminal of the alternator armature to 
one of the collector rings is cut; and the two ends thas formed are 



,v Google 



90 



ALTERNATING CURRENT MACHINERY 



conoected, one to the even -numbered bare (ebown in full black in 
Fig. 94) of tbe rectifying commutator, and tbe other to tbe odd- 
numbered bare (shown nhite in Fig. 94). The field circuit that 
IB to receive tbe rectified current is connected to two brashes 
which rub on the rectifying commutator, these brushes being bo 
spaced that one touches an odd-numbered bar when the other 
touchfs an even-numbered bar. The brushes are carried in a 
rocker arm, which is moved forwards or backwards until the 
brushes are passing from 
one bar to the next at the in - 
stant that the alternating 
current from the alternator 
is passing through the value 
zero. The proper adjust- 
ment of the brushes is in- 
dicated by a minimum of 
sparking. 

Fig. 95 shows an altei* 
nator A with two sets of field 
coils F and C aa before. 
One armature terminal in 
connected to a collecting 
ring; and the other armature 
terminal connects to the 
primary of a transformer T, 
and thence to the other col- 
lectiiigring. The terminals 
of the secondary coil of T connect to the bars of the rectifying 
comiiiatalur B, from which the comjwsite field winding C is sup- 
plied. The transformer T is usually placed inside the armaturc- 
Ar range ifhcnt of ComponUe 2''ii'I/l in C"xe of Two-pkase 
and Three-phase AUernntors. Composite field excitation is not 
satisfactory in case of polyphase alternators, unless the receiving 
circuits supplied from the alternators are approximately balanced. 
Unbalancing of the receiving .circuits changes the electromotive 
forces generated in thedifferentphases of the armature, by different 
amounts; and composite excitation ciuinot, of course, correct the 
electromotive force variations of all tbe phases. 




Fir. 95. 
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Aujn'/iary fie/d 




Series Thxnafbrmer 

Armature 



A, B, A, B 



In case of approximate balauce, the curreDt for. the composite 
field excitation is taken through a rectifying commutator from the 
secondary coil of a series (or current) transformer which has two 




Fig. 97. 

or three distinct primary coils, one for each phase. This arrange- 
ment is shown in Figs. 96 and 97.. The effect of the several 
primary coils on the series transformer is to balance up the slight 
differences of the several polyphase currents, in bo far as their 



,v Google 



92 ALTERNATING CDRRENT MACHINERY 

action upon the compoBite excitation la concerned. This method 
18 uBed by the Westinghonee Company. 

Case 3. Compe-nsated Excitation. An alternator with com- 
posite excitation can be adjusted bo that the terminal electromotive 
force between the collector rings can be kept fairly constant if the 
power factor of the receiving circuit is invariable. Yariationa of 
the power factor of the external circuit, even> though the current 
otttjmt of the maeliine remains coni<iant in value, produce varia- 
tions of the terminal electromotive force of an alternator. These 
variations of terminal electromotive fore© cannot, of course, be 
corrected by the use of composite excitation, inasmuch as they are 
independent of variations of current output. 

Iq the compensated polyphat^e alternator of the General 
Electric Company, variations of voltage due to changes of both 
current output and power factor of the receiving circuit, are 
approximately compensated. The action of this alternator is as 
follows: 

Tbe armature current in an nhvriiulor is magnetizing or demagnetizing 
in its eSeet on the allemator field according aa it leads or follows the electro- 
motive force of tlie generator. The amount of the magnetizing or demagnetiung 
action depends on the magnitude of the current and on the phase difference 
between tlie current and the electromotii'e force (i*. e., on the power factor of 
the receiving circuit). Under the usual conditions of practice, the current 
delivered hy an att«n)ator lags more or less behind the electromotive force, 
and thus exerts a demagnetiziiig action on the field of the alternator. This 
action causes tlic terminal electromotive force of the alternator to decrease, the 
amount of the dcirease lieinp larger the greater the current, and the greater 
the angle of tlie lag between the electromotive force and the current. 

The alternating current delivered by llie alternator may l^e passed, in 
whole or in part, through the armature of a small auxiliary double-^urrenf 
generator, which is driven in synchronism nith the main altemalor. The field 
magnet of this auxiliary generator may be turned into such a position that the 
main alternating current, though lagging with respect (o the elect romotii'e force 
of the miwn allemator, will be leading with respect to the elect romoti^-e force of 
the auxiliary generator. The angle by which llic main current «ill lead the 
electromotive force of the auxiliary generator will be greater, the greater the 
angle of lag of this current 1>eliuid the electromotive force of tbe main alternator; 
or, in other words, the smaller the power factor of the receiving circuit bdng 
supplied with current from the alternator. 

Under these conditions the field magnet of the auxiliary generator is 
strengthened either by increase of current delivered through it by the main 
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allemaUir, or by increase ot the lag of the main altcmalor current behind ile 
electromotive force, or liy liotli thinga combined. 

The nuxilinry machine supplies current to maRnetiKc tlie field of the main 
nltemator, so that the field of the main altcrniilor is strengtlionrd either by 
increase of (Mirrent tlelivered by the main alteniator, or iiy increase of the angle 
of lag of the main alternator current behind its electromotive force, or by both. 

Compensation for falling off of the voltof^ of (he main generator due to 
the above two causes, singly or coml>inp<l. is Ihns acromplished. 



The above metliod for automatically controlliug the voltage 
of alternators, aa already said, is applied in the compensated field 
alternator, manufactured by the General Electric Company. 

Tliis machine consista of an ordinary multipolar polyphase 
(two-phase or three-phase) alternator, and a small mnltipokr (same 
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number of poloa as the main allernator) direct- carrent generator 
(til© excitiii). This exciter ia provided with slip-riiifra aa well aa a 
commutator, and is thus a double-current generator.* It is driven 
on the eaiiie shaft with the main alternator. 

"When polyphase currents are delivered by the main alternator 
armature, they flow through the primaries of two (or three) trans- 
formeraj-; the Becondariee of which are connected directly to the 
slip-riuga of the exciter armature. In this way definite fractional 



parts of the main alternating currents flow through the exciter 
armature by way of the slip-rings, and strengthen the field of 
the exciter as above described. 

* For further information concerning double-current generators, Be» 
later discuseion. 

t A Iransrormer connected so that the entire current output of an alter- 
nator must pass through its primary coil, gives a secondary current which 
ia in a fixed ratio to the primary current. A transformer so used is sometimes 
called a "series transformer." or "current transformer." Further information 
•bout transformers and their connections is given in subsequent articles. 
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The crown oF iield poles of the exciter is arraitged to be 
turned ut will about the exciter arrnnture tm -Mi axis. This adjuat- 
iiient, Iiuwuver, is uauntly iiimle unce for all at the factory. 

Fi^. (IS is a g»nural view of a thrtHi-phase com[>ensati<d field 
alternator of the (ieneral Electric Company, 

111 Pif!. ddo, Uic revolviiif! S-pulc field tudfriK^t of tliie altornaUir, together 
with the direct current armature and the coiriiiiii tutor of tlie exciti^r, are shown 
mounted on the .same shaft. Fig. 00a al»o ulions tlic three rollcclor rings which 
serve to carry the three-phase alternating currents from the stationary alter- 
. nator annature into and through the armulure of the exciter; and also the tu-o 
collector rings for carrying tiie direct current from liie oxciter commutator to 
the revolving field coils ot the alternator. Fig. 996 ahowa one L)eariiig and all 
the brushes of the machine. 

The atalionarj' armature structure of this compensated alternator is shown 
in Fig. 09c, with the front shield and S-pole statirtnary field of the exciter re- 

ELEMENTARY THEORY OF POLYPHASE ALTERNATORS 
AND SYSTEMS ARHATURE WINDINOS. 

44. Limitations of the Slngle-Miase System. As long as 

alternating current was geuerated, transmitted, and UBedyt'?' eh'ctrie 
I'lijhtinij only, the single. phase system gave complete sati a faction. 
Simplicity in the generating, transmitting, and receiving apparatus 
was the most striking and valuable feature of this system. 

Ill the earlier days of the electric lighting industry, there 
was very little, if any, demand for current to operate motors for 
power purposes. Since that time, however, there has developed 
an ever- increasing demand for current fur ]}cwer pnrpuscu, fully 
equaling if not exceeding that for lighting work. With the 
advent of this new condition, the great obstacle to the use of the 
single-phase alternating -current system became manifest. Single- 
phase motors are difficult to make self- starting* under load, espe. 
cially in units of large size; and hence the use of the single-phase 
system for general power purposes, with the apparatus now avail- 
able, is not practicable. 

It was in 1888 that Ferarris, in Italy, discovered the impor- 
tant principle of the production of a rotating magnetic field by 
means of two or more alternating currents displaced in phase 
from one another, and he thus made possible, by meaus of the 

NoTK.— Except in special typea. 
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iniluctiou motor, the usoof ])olyphaao currents for power purpoeea. 
Tha tiiiist iiiiixirtant ado'iiilitiji} ofpuhjph^iHis alli-ni/ttimj i-urreidH 
over the simple aliufle-phtHH s'jstoin. In tfuU alter wiihyj. current 
nudora can, he satttfactorlly upei-at&l hij tlieiii. It waa mainly the 
reijuireinents of the indnctioD motor that led to the development 
of the polyphase eystem. 

45. The Two-Phase Alternator. The simplest form of 
polyphase generator consists of two similar and independent single- 
phaue armatures mounted rigidly on one and the Bame shaft, one 
besido the other, in such a manner that the electromotive forces 
at the terminals of the respective armatures arrive at their 
maximum values 90', or one-fourth of a period, apart. The cur- 
rents from such a machine are said 
to have a two-phase relationship. \ / 

The two separate armatures are sup- \i^''7S"~T^::r 

posed to revolve ini^ide tlie same 
crown of lield magnet [wles. 

Fig. 100 shows an end view of 
fluch an arrangement, hut armature 
B is here shown inside of armatnre 
A for the Bake of clearness. As 
will be seen in the figure, armatures 
A and B are bo mounted on the 
shaft that the slots of A are mid- 
way iiifler the poles NS when the 
slotsofBaremidwayi'^^UTcr!'^ the same poles. With this arrange- 
ment the electromotive force generated in the armature coils of 
A and B are so related in their variations that the electromotive 
force of A is at its maximum when the electromotive force of B 
is zero. Or in other words, the two electromotive forces are 'JO' 
apart in phase, or are in quadrature (at right-angles) to each other. 

A careful Study of Fig. 100 will show that the electromotive 
forces induwd in armatures A and B are 'MV apart in phase. Thus 
the lignre shows the armature A in the position in which its 
windings (in the slots) are cutting lines of flux fnnn the field poles 
at a mHximuin rate, while the armature B is shown in the position 
in which its windings are midwiy between the field poles where 
they do not cut any magnetic tlux at all. Therefore the electro- 
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of the HriiiHtiii'ti A it) lit its nmximiini 
force in ttie wiiidint;)) of armatiiru ii 



^~iA_ I ) ^-1 one of 



Pig. 101. 
[uplish tbis the annatuD: 



iiiotivt! foR'e ill tbw windin. 
value, and the elLH;tn)iiioti' 
is zero at the ^iven intttant. 

The two o<iual, but distinct and indejiendent electromotive 

forces generated by snch a two-phaae alternator are generally used 

to supply two distinct and separate currents to two distinct and 

independent circuits, 

\ I I When so used the system 

\ ^0,_- r-^:=^J '^ called a two-phase, (our- 

Vv^i/^\^ wir« system. We shall 

f^:., ^"^fC ^'■''^ \^le<x that it is possible 

'/ \ -^\ - "j interconnect the two cir- 

n Rnch a manner that 

one of the four line wires 

►i^** \ y // ® ^" practice the actual 

^^s^^i^ ^'>y — . two-phase alternator is con. 

C ff. A «- / structed by placing the 

armature windingB of A 
and B upon one and the 
samt) armature core, instead 
of on separate cores. To 
a body has twice as many slots as either 

A or B in Fig. 100. Fig. 101 shows such an armature. The slots 

marked «j, o™, «j, etc., contain the conductors comprising phase A; 

whereas the slots marked ft,, i,, h^, etc., contain the conductors com- 
prising phase B. The A 

winding passes in slot <r] from 

front to back of the armature 

core; then towards the reader 

(that is, from back to front) 

in slot a^; then from front to 

back in a,, from back to front 

in (7 J, and so on. The various 

conductors in slots a^, a^, a^, 

etc., are joined in series by 

connectors {at front and back), 




nd the two ends of the final series 



are connected to two collector rings. 
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The B winding pagses in slot />„ from front to back of the 
armature core ; then towards the reader (that le, from back to front) 
in slot £2') ^^Q from front to tisck in h^, from back to front in h^, 
and so on. The variona condnctors In slots bjj h^, b^, etc., are 
joined in, series, and the two ends of the final Beries are connected 
to two collector rings, which rings are distinct from the pair of 
rings to which the A winding is connected. 



, ^ 



2 ^1 iEa*_3 



-^-^ 




Fig. 103. 



Fig. KM. 



The armature windings A and B jnst described are of the 
concentrated or unl-coil type (see Art. 51), having only . one slot 
per pole for each winding (/.e., per phase). Distributed (multi- 
coil) winding also are frequently used for two-phase altematorB, 
Thus, Fig. 103 shows an end view of a portion of a two-jdiase 
armature with its A and B windings 
each distributed ia two slots per pole. 
The coils belonging to winding A are 
lightly shaded, and those belonging 
to winding B are darkly shaded in the 
figure. The connections between the 
coils of the A winding are shown in 
the figure by the fall lines, while the 
connections of the B winding are 
shown by the dotted lines. 

Two. phase alternators are usu- 
ally provided with two sets of col- 
lector rings; one ring, however, may be made to serve as a com- 
mon connection for the two armature windings, as shown in Fig. 
103. The lines A and B in the clock di^^m, Fig. 104, represent 
the generator electromotive forces, a represents the current in 



f 
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main 1, A represents the current in iiiaiTi 2, and '• rei)reseiits the 
current in the common main H. 

46. The Three-Phase Alternator. Consider three similar 
Bingte-phaae armatures A, B, aud C, mounted side by side on the 
same shaft and revolved in the same iield, each armature haviug tig 
many slots as there are field ^xtles. Fix the attention upon a cer- 
tain armature slot of A, and let time be reckoned from the instant 
that this slot is squarely under 
an N-pole. Let t he the time 
whi(ih elapses as this armature 
slot passes from theeenterof one 
N-poIe to the center of the next 
K-poIe. The armature B is to 
lie so fixed to the shaft that its 
slots are sqnarely under the poles 
at the instant }^// and the arma- 
ture (' ia to be so fixed that its 
slots are squarely under the poles 
at the instant g/. While a slot 
passes from the center of one 
N-pole to the center of the 
next N-pole, the electromotive force passes through one com- 
plete cycle. Hence the electromotive forces given hy three arma- 
tnres arranged aa above, will be 120' apart in phase, as shown in 
Fig. 105, in which the lines A, 
B, and C represent the respect- 
ive electromotive forces. The 
currents given by the armatures 
to three similar receiving cir- 
cuits lag equally behind the re- 
spective electromotive forces, 
and are represented by the 
dotted lines rt, i, and e. This 
combination of three alterna- 
tors is called a three-phase alternator. In practice the three dis- 
tinct windings A, B, and C are placed ujkju one and the same 
armature body. For this purpose the armature body has three 
times as many slots as A, B or ('. 



rfT^ 



Fig. 106. 



yL4/ 




Fir. 107. 
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Fig. 100 shows tha arrang«iiient of the elots for such a wind- 
ing. The slots belonging to phase A are drawn in heavy lines, 
and are marked a„ a^^ etc. Those belonging to phase B are shown 
dotted, and those belonging to phase C are shown in light lines. 
The A winding would pass u]) slot «„ down n^, up a^, etc., the B 
winding, up ij, down h.,, np //j, 
etc.; and similarly for winding <'. 

The windings A, B, and C 
here described are of the con- 
centrated type, having only one 
slot per pole for each winding. 
Distributed windings also are 
frequently used for three-phaae 
alternators. Thus Fig. 1(17 shows a [>ortion of a three.phase anna, 
ture with its A, B, and i) windings each distributed in two slots 
per pole. The coils belonging to windings A, B, and C respect- 
ively are differently shaded to distinguish them. The manner of 
connecting the coils of each winding is described in Art. 51. 

If the three circuits of a three-phase alternator are to be 
entirely independent, six collector rings must be used, two for 



Fig. ins. 




Fig. 108. 



Fig. 110. 



each winding; however, tlie circuits may Ihi kept practically 
independent by using four collector rings and four mains, as 
shown in Fig. 108, The main 4 serves as a common return wire 
for the indejwndent currents, in mains 1, 2, and 3. When the 
three receiving circuits are equal in resistance and reactance (that 
is, when the system is balanced), the three currents are equal, and 
are 120^ apart in phase (each current lagging behind its electromo- 
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tire force by the same amoQDt ae the othtsnt); aod their sum is at 
each instant eqnal to zero. In this case, main 4, Fig. 108, carries 
DO carrent; aod this main and the corresponding collector ring 
may l>e dispensed with, the thret* windings being connected together 
at the point N, called the common junction or neutral point. This 
arrangement, shown in the symmetrical diagram, Fig. 1011, is called 
the " Y " or " star " scheme of connecting the three windings A, 
B, and C. 

Another scheme for connecting the three windings A, B, and 
C (also for balanced loads), called the"A" (delta) or "meah" 
scheme, is illustrated in Fig. 110. Winding (or phase) A is con. 
nected between rings 3 and 1 ; winding (or phase) B between rings 
1 and 2; and winding (or phase) between rings 3 and 3. 




Fig. 111. Kg. 112. 

The direction in a circuit in which the electromotive force or 
current is considered as a positive electromotive force or current, 
is called the positive direction through the circnit. This direc- 
tion ia chosen arbitrarily. The arrows in Figs. 109 and 110 
indicate the positive directions in the mains and through the 
windings. It must be remembered that these arrows represent not 
the actual directions of the electromotive forces or currents at any 
given instant, hut merely the directions of ^w^t^/vc electromotive 
forces or currents. Thus, in Fig. 109, the currents are con- 
sidered positive when flowing from the common junction towards 
the collecting rings, and the currents are never all of the same sign. 

47. Electromotive Force and Current Relations in Y-Con- 
nect«d Armatures. Eleclnnnotive J'Wcc RelaiioiiK. We shall 



,v Google 



ALTBENATING CURRENT MACHINERY 103 

consider the electromotive force between mains 1 and 2, Fig, lOtI, 
to be positive, where it tends to push current through a receiving 
circuit from main 1 to main 2. Similarly, the electromotive force 
between mains 2 and 3 is considered positive, from main 2 to 
main 3; and the electromotive force between -mains 1 and 3 is 
considered positive, from main 3 to main 1. Passing through the 
windings A and B from ring 2 to ring 1, Fig. 109 (which is the 
direction in which an electromotive force must be generated to 
give an electromotive force acting upon a receiving circuit from 
main 1 to main 2), the winding A is passed through in the posi- 
tive direction, and the winding B in the negative direction. 
Therefore the electromotive force from main 1 to main 2 is A - 
B. Similarly the electromotive force from main 2 to main 3 is 
is B - C, and the electromotive force from main 3 to main 1 is 
C - A. These differences are shown in the clock diagram, Fig. 
111. The electromotive force between mains 1 and 2 (namely, 
A - B) is 30^ behind A in phase, and its effective value is 2£ cos 
30'^ l' 3 E, whereE is thecommon valneof each of the electro- 
motive forces A, B, and ('. Similar statements hold concerning 
the electromotive forces between mains 2 and 3, and those 
between mains 3 and 1. Hence the electromotive force between 
any pair- of mains leading from a three-phase alternator with a 
Y-connected armature is equal to the electromotive force generated 
per phase multiplied by V 3. 

Cnrrent Rflationn. In the Y connection the currents in the 
mains are equal to the currents in the respective windings, as is 
evident from Fig. 109. 

48. Electromotive Force and Current Relations In A-Con> - 
nected Armatures. Klertriiuu'tive Forve linlationg. In A-con- 
Dected armatures the electromotive forces between the mains or 
collector rings are equal to the electromotive forces of the respec- 
tive windings, as Js evident from Fig. IIU. 

CunviU Ri'latiimn. Ileferring to Fig. 110 we see that a 
positive current in winding A produces a positive current in 
main 1, and that a negative current in winding It prodmvs a ]>osi- 
tive current in main 1; therefore the current in main 1 is '» - h, 
where " is the current in winding A, and li is the current in wind- 
ing B. Similarly, the curreut in maiu 2 is 5 - v, and the current 
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in main 'S ia c - ". These differences are shown in Fig. 112. 
Tlie cnrrent in main 1 (namely a ~ /i) is 30' behind « in phase; 
and its effective value is V ii I, where I is the common effective 
value of the currents, a, h, c in the different phases. Similar 
statements hold for the cnrrents in mains 2 and 3; so that the 
current in each main from a A-connected armature is ^' 3 times 
the current in each winding, 

49. Connection of Receiving Circuits to Three-Phase Mains. 
DuiiiiiiJar fireuitit ( IJnhalnneed Si/ntn))!). When the receiving 
circuits which take current from three-phase maina are dis- 
similar, fonr mains should be employed, ae indicated in Fig. 
108; each receiving circuit being connected from main 4 to 
one of the other maina. It is, however, desirable to keep the 
three windings A, B, and of the alternator nearly equally 





Fig. 113. Pig. 114. 

loaded; and in practice the receiving circuits are so disposed as 
to satisfy this condition as nearly as possible. 

SiiiiUar CirciiltH {^lialan^ed Synt<;m'). When three-phase 
currents are used to drive induction motors, synchronous motors, 
or rotary converters, each one of these machines takes current 
equally from the three mains; and since three-phase currents are 
uti]i7.cd chiefly in the operation of the machines mentione<l, the 
system is usually balanced. In this case three mains only are 
i'inf)loyed, and each receiving unit has three similar rectnving cir- 
cuits connected to the mains according to cither Y or A metho<l. 
The Y method of connecting receiving circuits is shown in Fig. 
llff. One terminal of each receiving circuit ia connected to a main, 
and the other tenninals are connected together at the neutral 
point N, In this case the ctirrent in each receiving circuit is 
equal to the current in the main to which it is connected. The 
electromotive force between the terminals of each receiving circuit 
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E 
is equal' to - , whern K ih tlie fhftromotive force between any 

pair of iiiaii))i. 

The A iiietlioii of eonnecting receiving circuits is eliowQ in 
Fig. 114. Here tli« three remviiigcircuitB are conneclcd between 
the reflpectivo pairs of ntaine; the electromotive force acting on 
each receiving circnit is tlie electromotive force between the niaina; 

and the current in each receiving circnit is — ;;r , where I is the 

current in each niiiiii. 

EwamplcK. 1. The three windings or phaaea of a three- 
phase induction motor are Y. connected to three-phase mains. The 
voltage between mains is 500, and each main delivers 25 amperes 
to the motor. It is required to find the current in each phase 
of the motor, and the electromotive force acting on each phase of 
the motor. 

Since the windings are \ -connected, the current in each .is 
the same as the current in each main — namely, 25 amperes; and 
the electromotive force acting on each phase of the motor winding 



2. The three phases of the above three-phas© induction motor 
are A-connected to three-phase mains. The voltage between mains 
in 2S8. 7, and the current in each main is 4.1. iJ amperes. It is 
required to find the current in each phase of the motor, and the 
electromotive force acting on each phase of the motor. 

Since the windings are A-connected, the electromotive force 

acting on each phase is the same as the voltage between the mains 

— namely, 2S8.7 volts; and current in each phase of the motor is 

43.3 

— ^^- or iii amperes. 

Summary of Electromotive Force and Current Relatiohs for 
A and Y Connections in Thrce-Pha^e Systems. Let I\^ he the 
rated electromotive force of each winding, and I^ the rated full- 
load current output of each phase of the winding of a three-phase 
alternator. Then, for a generator with non-inductive load, we have: 
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A connection 

Y connection 
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LetE be the electromotive force between mains of a three- 
phase system, and let I be the current in each main. Then, for 
thive receiving circuits, we have: 



& connection... 
Y connection. . 



E.U.F. BatwefD Tnrinidalii i>r| Currant la EHCh Rw< 



I ■i 



The jtermissible power output or rating of a three-phase 
alternator is the same whether ita armatnre windings are Y-con- 
nected or A-connected. 

Thepower output of a three-phase generator is v'iJ X electro^ 
motive /"ores between inaiita X cnri\:iit 4n cne main, X power 
factor of the receiving circuits. 

50. Measurement of Power In Polyphase Systems. In 
alternating current circuits, power cannot in general be meaeared 
by means of an ammeter and a voltmeter, as in the case of direct 
current, becanee the power expended ia generally lesa than the 
product of effective electromotive force and effective cnrrent on 
account of the difference in phase between the electromotive force 
and the current. 

A well-designed wattmeter is the standard instrument for 
measuring power in alternating-current circuits, and the methods 
involving its use are the most generally satisfactory. 

The discussion of the wattmeter given in Arts. 86 and li7 
applies primarily to the use of the wattmeter for the measure- 
ment of power delivered in single-phase systems. 

The sevend circuits of a polyphase eyatem are often entirely 
separate and independent; and iii such cases the total power 
dflivered to a receiving ap|>aratuB is found by measuring the 
power delivered to each separate receiving circuit. The total 
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power delivered is the Bum of the amounts delivered to the differ- 
ent receiving circuits. 

Iq order to meHtture the power delivered to one of the receiv- 
ing circuits of a polyphase system, the current coil of the watt- 
meter is to be connected m m-rii-t with this receiving circuit, and 
the pressure (or voltage) coil of the wattmeter is to be connected 
between- the termintt/a of this receiving circuit. In eome cases 
this connection of t he voltage coil cannot be made, because one ter- 
minal of the receiving circuit may be out of reach in the interior 
of the apparatus. 

Balanced Systems. lu general, the several circuits which 
receive current and power from polyphase mains are more or less 
unlike in both resistance and reactance, and take different amounts 
of current and power from the mains. It is, however, desirable 
that the several receiving circuits be alike, so that they may take 
equal currents and equal amounts of power from the mains. When 
this condition is realized, the system ie said to be balanced. 






fi¥MSe B 



ree«fvin^ cireuif B 



Fig. 115. 

Example*. When independent groups of lamps are supplied 
from polyphase mains, each group taking current directly or 
tbroQgh a transformer from one phase of the polyphase system, 
the system is said to be unbalanced when the number of lamps is 
not the same in the several groups. In general, the sUpply of 
power to several separate, independent, and unrelated receiving 
circuits, such as independent groups of lamps and single-phase 
motors, leads to the unbalancing of a polyphase system. Appara- 
tns such as polyphase induction motors, synchronons motors, and 
rotary converters, which is especially designed to take power from 
polyphase mains, is always provided with two or thit-e aimiliir 
receiving circuits so as to take equal amounts of current niid 
power from each phase of the ttystem. Wlien such polyphase 



,v Google 



IfW ALTERNATING CURRENT MACHINERY 

apparatuB, only, takes power from polyphase mains, the eyBttMii JB 
always very nearly balanced. 

If a polyphase system were exactly balanced it would be 
eafficient to measure the power delivered by one phase only; but 
ainfe a balanced condition of system ia seldom exactly realized in 
practice, there may be considerable error introduced by assuming 
that a system is balanced, and by calculating the total power 
from the wattmeter reading of power delivered by one phase only. 

Iq balanced or approximately balanced polyphase systems, 
the measurement of power by use of a eingle wattmeter is best 
accomplished by special arrangement of connections as follows: 

Balanced T/nec-Wiie Ticu-Pkase SystcmK. The current 
coil of the wattmeter should be connected in the middle main as 
shown in Fig. 115. After a reading is taken with the pressure 




Pig. 116. 
coil connected between middle and lower mains, this connection is 
quickly changed to the upper main, as indicated by the dotted 
line, and the wattmeter again read. The sum of the two successive 
readings gives the total power. If this method is uwed, the sys- 
tem should not only he balanced, but no change in the load should 
occur between readings. 

Kxaiiiple. The power taken by a two-phase induction motoi 
is measured by a wattmeter connected as shown in Fig. llo 
When the wattmeter is connected as shown by the full line in the 
figure, it reads y,!tOO watts. When the wattmeter is conngcted 
as shown by the dotted line, it reads 1,415 watts. The total of 
watts delivered is therefore 11,315 v/atts, tha two phases of the 
motor being assumed to be balanced. Each phase of the motor 

receives therefor© — ^ — = 5,657 watts. The current delivered 
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to each pfaane, as iiieusurtid by an altuniating curreut ammeter 
is 32.14 ai)ij)eit'B; and the electromotive force acting ou each phase 
of the motor, that is, between the terminals of each receiving cir- 



- to stjE^ mains 




ct/fr^f co/f 

PiR. 117. 

cv rre^fee // 



vwm^ecoif 



Phase A ^ — ^ fo /oeui 



to had 
vo/taga coil 



coil 

Pig. 118. 

cult, is 2:30 volts. The apjMrent power (volt-amperes) delivered 
to each phase, is 220 volts X 32.14atnperBB^= 7,071 apparent watte; 
and the power factor of each receiving circuit is 
5.657 watts 



7,071 apparent watts' 



-, or O.SO. 
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The two rpadii>gs of a uattineter <^nnpclc(t, as shown in Ki^. 115, aro 
uneiiiiul, evyn Ihniich tlie receiving circiiitB arc balaiii'*^!, lipi-ause of (he effect 
of lagfcing currents; or, in olhor words, liecause the two rerpiving circuita aie 
imluctive. 

II JH to lie ciirofiilly noted that, in (general, neither reiKliii)! of the watt- 
meter measures the power delivered to either one of the receiving circuits. 

li'ihinMl Tlirce.Wirc Thrce-J'hme Syxtam. The current 
coil of the wattmeter should be connected in series with one {any 
one) of the three mains, as shown in Fig. 116. After one reading 
of the wattmeter is taken with the voltage coil connected to main 
2, aa indicated by the full line, the connection is quickly changed 
to maia 1, as indicated by the dotted line, and a second reading of 



i^aBMOs 



w, 






Phas0 B 




Fig. 119. 

the wattmeter taken. The total power delivered to the three 
similar (that is, balanced) phases, is equal to the sum of the two 
readings. 

Unbalanced Two-Phase Systems. In general, any receiving 
apparatus is sufliciently unbalanced to require the measnrement of 
power to be made on the assnmption that the receiving circuits 
are unbalanced. 

Four- Wire TwQ-Phane. When four mains are used, two for 
each separate phase, then two wattmeters are rm|uired, one for 
measuring the power delivered by each phase. Each of these 
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wsttmetera is connected exactly as in the case of single- pLasf 
delivery of power, as shown in Fig, 117. Tb© eiim of tlie roadings 
W, + Wj of the two wattmeters gives the total power delivered. 
Two readings shonld, of conree, be taken as nearly simnltaneously 
as possible. 

Tliree- Wire Two-Phase, When a two-phase system is 
balanced or nnbalanced and has three snpply mains, one main 
acting as the common retarn for the other two,'then the arrange- 
ment showD in Fig. 118 gives the best resalts. The total power 
delivered to the receiving circnit is the snm "W", + Wj of the read- 
ings of the two wattmeters. The readings shonld be taken as 
nearly simultaneously as possible. 



^tXffi I 




Rr. 120. 

Unbalanced Three-Phase Systems. Six. Wire Three-Pkaae. 
When six mains are nsed, two for each separate phase, then three 
wattmeters are required, one tor measaring the power delivered 
by each phase. Each of these wattmeters is connected exactly as 
in the case of single-phase delivery of power, as shown in Fig. 119. 

In practice, six wires are never used for three-phase systems 
on account of complications and the excessive amount of copper 
required. 

Three-Wire Tkree-Phase. When three mains are nsed in a 
three-phase system, two wattmeters are sufficient for the complete 
measurement of the power delivered to any three-phase receiving 
onit, whether the receiving circnit is balanced or unbalanced, or 
whether it is connected Y or A. 

Fig. 120 shows two wattmeters connected for measuring the 
power delivered to a A-connected three-phase receiving system. 
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Tht* algebraic sum ot the readings of the two wattmettTs gives the 
total power delivered i]idej)ei)deiit of balance or hig. When the 
current lag in the circuit is less than (10' (/.<,, when the power 
factor is greater than 0.5), then the arithmetical sinn of the read- 
ings of the two wattmeters gives the total power. But if the lag 
ia greater than 00" (the power factor less than 0,5), the relation of 
the currents in the current and pressure coils of one of the watt- 
meters causes it to give a negative reading; hence the arithmetical 
diffeniii-f of the readings of the two instruments gives the power. 

There may bo a difficulty in determining which condition 
exists in some cases, especially when the power delivered to par- 
tially loEided induction motors whose power factor is low, is to be 
measured. In such cases one may determine whether the sum or 
difference of readings is to be taken, by interchanging the position 
of the instruments without changing the relative connections of 
their current and pressure coils. If the deflections of both 
pointers are now reversed, the difference of the original readings 
gives the true [wwcr. liut if the deflections are in the saniedii-ection 
as Iwfore. the sum of the original deflections ia the correct power. 

Pkwif of Mtn^aoD. Let the positive direction in the mains 1 
and 2 and in the three receiving circuits be chosen as indicated by 
the arrows iti Fig. 120. These directions are chosen symmetric- 
ally with respect to the two wattmeters. Let the iustantaneous 
currents in the receiving circuits be i', i", and *'"', as shown in the 
figure. Let n be the iustantaneous current in main 1, and let h 
be the instantaneous current in main 2. Then, from the arbitrary 
choice of signs, 

The reading W of the upper wattmeter is equal to the average 
value of the product of the current ff, which flows through thecur- 
rent coil of the instrument, and the electromotive force e', which 
is acting upon the pressure coil of the wattmeter. That is, 

W — average {tie). 

Similarly, the reading W" of the lower wattmeter gives: 

W" = average (ic"). 
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Substituting the abov« values of a and h in the expressions for 
W and ^V , (iml adding resnUp, we have: 

W'-|- \V" -- average (tf' /') -|- average (c" i") -f average (<■' - r'") /'", 

But, from the ligure, c' - <■" = i:'"; hence 

W -|- W" = average (e' /") + average {e" «") + average {e'" i'"). 

Although a formal proof of the principle of the two-watt- 
meter method has not been given for a Y-connected circuit, it is not 
necessary to show independently that it holds for both oases. A 
little consideration will show that if the electromotive forces acting 
between the three wires, the currents flowing in them, and their 
phase relations are given, there is then a perfectly deflnite amount 
of power transmitted along the three lines, and it is quite immaterial 
whether this power is being delivered to circuits connected A or Y. 

ARMATURE WINDINGS. 

51. In genera], any direct-current armature winding may be 
used for the armature of an alternator; but the desirability of 
generating comparatively high voltages in the armature so as to 
avoid the use of step-up transformers, makes it necessary to aban- 
don the styles of winding best suited to direct-current machines, 
and to use windings specially adapted to the conditions of alternat- 
ing-current practice. 

Comparing the armature windings used for direct-cnrrent 
machines with those for alternators, we find, first, that all the 
re-entrant (or closed -coil) direct -current windings must aecessarily 
be two-circuit or multiple -circuit windings. That is, they must 
have at least two paths in parallel through the armature between 
brushes. On the other hand, the armatures of alternators (and 
synchronous motors) may, and generally do, from practical consid- 
eratiuas, have one-circuit windings, ■ij:., windings having one cir- 
cuit per phase. It follows therefore that any direct -current 
winding may be used for alternating-current machines; but the 
converse statement, that any alternating-current winding maybe 
used for direct-current machines, is not true in general. In other 
words, the windings of alternating-current armatnrcs are essentially 
non-reentrant (or open-circuit) windings. The only exceptions 
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art- tile A-cunnt'cti'd (or iiieHli-t-oiuiectod) pulyjihatjo wiiidin^f, and 
llio wliort-i'irtniitcti \viiuiiiif;ti of "aqiiirrfl-cago" iiiduutiun motortt. 
Iioth of wliicli am rutintraiit (or oIoatHJ-circuit) windiogs. Tho 
A-coniU'cU'il jM>Iyj}liaso windings are, tluToforo, tho only windiogH 
tliat can bo iiacd for tho aniiaturea of rotary tonvertera (inachinea 
for L'unvertiDg altematiug to direct current or vice versa ideaerihed 
later). 

In tlie type of winding generally employed for alternators, a 
Dumber of dtatinct coils are arranged ou the armature, in these 
coils, alternating electromotive forces are induced as they pass the 
field magnet poles, and the several coils are connected in series 
betweeu the collecting rings. 

Armatures for alternators, just as in the case of direct- current 
machines, may be divided into: 

1. Drum Armatures. 

2. iiinf; ArmaLures. 

3. Disc Armatures. 

Of theae the ttina uid the DiKr aiimatiirra ore seldom used in America 
allhough they are lo some extent adopted in European praclii'i^. 

The ring and the ditfc ty|>e9 of armature are mechanically 
less stable than the drum type; and the ring armature, moreover, 
other things being equal, requires more wire to be wound upon it 
for a given output than in the case of the drum armature, and 
poaaeBses, therefore, a greater inductance than the latter type. Drum 
armatnrea, whether the alternators are of the revolving or station. 
ary armature type, have laminated iron cores similar in conatruc- 
tion to the armature cores for direct-current machines. Disc 
armatures, on the other hand, are usually made up without iron, 
thus introducing constructional dilticulties. 

With reference to the construction of their cores, the arma- 
tures of alternatora may be classified, as in the tuiae of direct- 
current machines, into: 



1. lu the smooth-core armature the conductors, arranged in 
flat coils, lie on the surface of the armature core, and the coils in 
some cases are bent down over the ends of the core, where they are 
fastened by end plates or by blocks of wood or fiber. The apacea 
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in the c«-nter)9 of the coils are fille<l with wooden blocks either 
sorewed to the cores or heM in place by the binding wires. In 
other cases the coils are flat or " pan-cake" shaped, and of the 
same len<rth as the armature core. In the latter case they are 
laid ujton the cylindrical surface of the armature core, and are 
securely bound with wire bands. 

The form of the wave of electromotive force produced by 
smooth-core armattiies is very nearly harmonic 
(sinusoidal) or slightly flat-topped. The induct- f^TH f~] /"?/-> 
ance of a smooth-core {or surface- wound) anna- \ VJ U U ^ / 
tare is considerably less than that of a toothed- | r 

core armature. Although much used in earlier l^ s^ 

designs, the smooth-core armatures have, owing pj„_ j^i. 

largely to their comparatively weak mechanical 

etructare, been superseded id modern practice by the toothed-core 

constructions. 

2. One or another of the forms of toothed-core armature 
is now almost universally used in practice. The conductors are 
laid in slots (or grooves) the sides and bottom of which are first 
carefully insulated by troughs of mica-canvas, micanite, or other 
suitable insulating material. The insulated conductors (cotton 
covered) are generally wound into coils on " formers," each coil 
being carefully taped, and are then impregnated with insulating 
compound (or varnish). The coils are then thoroughly dried by 
baking in ovens. 

TTie conductors being enclosed in slots between teeth wbicli 
project more or less over the conductors, the 

O tooth-core type is often called iron-clad. This 
construction has three great advantages over the 
Hinooth-core type: 
(a) It allows the length of air-gap from iron of 
Fig. 122. pole-fare to iron of armature core to be reduced to a 

minimum; just enough for mechanical clearance. Other 
thinga being equal, this means a saving in the copper required to magnetize 
the field. 

(6) It protects the embedded conductors from injury. 
(c) It affords an admirable way of supporting and securing the con- 
ductors firmly in plarc against the action of centrifugal force; and, further, it 
Bliields the conductors almost completely from the racking action of the magnetic 
drag due to the magnetic Held. 
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The ehap» ami nuiiiber of l]u: bIoIb iii a tootlu-d aniiatiire cori^ 
have a marked effect on the shape of the eleotroinotive forre wave, 
and upon the reji^ulation of the alternator. 

Fig. 121 ehows a portion of an annatiire-oore disc or stamp- 
ing for a 12-j)ole, uni-tootb {one slot |)er ])oIe per phase), three, 
phase alteruator. The armature wiuding adapted to this uni. tooth 
core is, of course, the ani-coil or concentrated winding. The 
armature colla are held in place in the slots by wedges of wood or 
tiber driven in from the end of the core and fitting into notches 
Dear the tops of the teeth, as shown in the figure. This construc- 
tion, now almost universally adopted by manufacturers, avoids the 
necessity for any binding wire on the armature core. 

Alternators with uui-tooth armature cores are characterized 
by large armature inductance and by peaked-wave shapes of 
the induced electromotive forces; also by marked variations in the 
shape of the wave of induced electromotive force, according to the 
magnitude and power factor of the load. 

Oq account of their comparatively large inductance, uni. tooth 
armature constructions require relatively large increase in the 
held-exciting current in passing from no load to full load. In 
other words, regulation is poorer than for multi-tooth armature 
cores. 

According to present practice in design, the great majority of 
alternators are constructed with armature-core stampings having 
two or three slots per pole per phase. Fig. 122 shows a jiortion of 
an armature-core stamping for a 12.poIe, three-phase alternator. 
It has three slots per pole j(er phase. The slots are open, which, 
together with the distributed (multi-coil) tyj>e of winding, results 
in a low armature inductance. This means that a relatively small 
increase in the field-exciting current is required in passing from 
no load to full load output. 

Alternators with multi-tooth armature cores are especially 
adapted for long-distance trauBniission where 8tep-up trans- 
formers are used. The regulation is better than with the uni- 
tooth core construction; and the wave shape of the electromotive 
force generated by the distributed winding approaches a sine 
wave, which is the beat wave shajMs for the long-distance transmis- 
sion of power. This is because of the fact that the nearer a given 
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curve of electroni<)tivo force approaches a sine curve, the less the 
likelihood of a Oaniferous rise of voltage (resonance) occurring at 
the distant end of a long transmission line because of the capacity 
(condenBer) effect. 

With reference to the progress of the winding from slot to 



lot, armature windings may he divided into: 

1. BpimlnrliingWirKliiigs. 

2. Lnp \Vindin|;s. 

3. Wave Windings. 

'I'liesp liTiiis have Ihe name meaning when iipphcd li 
9 they do when applied lo (he nindinps ot dirert-oirrer 
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With referenct; to the (lispositiou of the L'oile around the periph- 
ery of the core, we have to distiiigiii8hl)etwet'ii two general claaees: 

1. Concent raled or I'ni-roil Wiiidiiigs. 

2. Distributed or Multi-roil \\'iiulings. 



Fig. 124. 

1. Concentrated or uni-coil windings, aa the naiiuf implies, 
consist of oils coil per pole per phase. Tlie armature contluctora 
an^ thus groupeti in hunilles, and usually placed in slots, there 

beinp one slot per pole for each phase. 
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3. Distributed or multi>coil windings consist of 8everal 
coils per pole per phase. The armature coDductors are distributed 
in two or more elote per pole per phase. 

Examples ot concentrated wiiidingB are shown in Figs, 1 (Part 1.) and 
85, in w)uch the armature coiidurtors are shown as lying in one slot per pole. 
Fig. 1 ehowB adjacent sides of two different armature coils lying in one slot. 
In Borne cases, each slot is filled by one side of a sii:gle armature ccnl. 

Examples of distributed windings are shon-n in Figs. 102 and 107. 
Fig. 102 shons an end view of a two-phase winding distributed in two slots per 
pole per phase. Fig. 107 shows an end view of a tbiee-phase winding distrib- 
uted in two slots per pole per phase. 

ConceDtrated windings are less ezpenBive to make; and Ihey 
give a greater effective electromotive force (at zero load) for b 
given nninber of conductors, other things being equal, than dis- 
tributed windings. This is on account of the fact that all the 
condnctors of a concentrated winding cut the field flux eimultane- 
ouslj, while the varioos conductors of a distributed winding do 
not cut the field flux eimnltaneously. 

Concentrated windings have greater inductance than distrib- 
nted windings for the same total number of conduftors, and also 
give a greater armatnre reaction for a given current than distrib- 
uted windings. Consequently the terminal elwtromotive force 
of an alternator falls off more with concentrated windings than 
with distributed windings, when the current output is increased. 
Therefore an alternator with a concentrated winding has poorer 
regulation than an alternator with a diatribnted winding; and 
although a concentrated winding may give a higher electromotive 
force at zero load, it may actually givp a lower electromotive force 
at full load. 

According to the form of the conductors used, armature wind- 
ings may be divided into three classes, as follows: 

1. Wire Winding- 

2. Strap Winding, 
a Bar Winding. 

1. Wir« Winding, nhicb is usually employed in high-volt- 
age machines of low-current output, consists of machine-wound 
coils, which are entirely formed and insulated before being placed 
in the armature slots. 
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2. Strap Winding is used for macliinea of lower voltage and 
of grt-aliT current output, and it consists of copper etraj) foiled 
into tilt! requirfd eliajie and carefully insulated. 

Both the wire and strap windings are placed in the Blots without any 
meclianical bending, thus preventing dama^ie to the insulation. In armature 
cores having the slots partiallj closed, the winding is slipped in from the end; 
but in cores having open Blots, wedges of hard libro secure the coila in place- 
Pig. 123 is an illustration of strap winding distributed in four slots per 
pole per phase. The completed armature, read; for direct connection to a 
Kteam engine, is shown in the figure, and is intended to revolve inside of a 
stationary field magnet. The four collector rings indicate that the armature 
is wound tor two phases. It is manufactured b; the Westinghousa Company. 

3. Bar Windings are held la place I)y the overhaDging tips 
oE the teeth. The bars, aftiT beingcarefully insulated, are slipped 
into the slots from on© end wf the armature. The end connections 
of the bar winding are bolted and soldered to the hars after the 
conductors are in place. 

Bar windings are usually executed with either one ur two barn |)er slot. 
There are no band wires im tlie armature oore. 

Fig. 124 shows a portion of a bar-wound revolving armature having one 
bar per slot. 

Single-Phase Windings. Fig. 1 showa a common type of 
aingle-phase winding having one 
\ / coil per pole. Fig. 125 shows 

V"^;--'""^"^ another type of concentrated sin - 

gle-phase winding, having one 
coil to each pair of ])olea or one 
slot per pole. The sketch b, Fig. 
125, 18 a sectional view of a por- 
tion of the armatnrecure, show- 
■^ ^^ II iiigoneof the slota containing 

>^ \ ^^?^ '^"^ conductors forming one side 

of a single armature coil and 
standing opposite to a field pole. 
In the diagram. Fig. ISu, the heavy seetor-shaped iigures represent 
the coila, and the light liiiea represent the connections between the 
terminals of the coiU. Tlie radial piirts of the sector-shaped iig- 
urea repretient the portions of tlie coils that lie in the slots, and 
the curved parts reprewfut the ends of the colts, Th« circlea at 
the center of tlie figure represent the collecting rings, one being 
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shown inside tlie otlier for deaini-ss. Tlie arrows represent the 
direction of the current at a given inslaot. All electromotive 
forces under N poles are in one direction, and all eli-ctromotive 
forces induced under S jKdes are in the opposite direction. These 
remarks apply to Figs. 125 to 13i! iuclnsive. 

Fig. 120 represents a sin- 
gle-phase winding distributed in \ \ l_ / 
two slots per pole, all the coils 
being connected in series. The ~" 

sketch J, Fig. 12(J, is asectional ~^ >,-' 

view of a portion of the arma- 
ture core, showing two slots. .-^ ^"^ 

Two-Phase Windings. The ^ ^ r^n 

two-phase winrting consists of WI^^A 

two independent single-phase ' / \ ^ 

windings on the same armature, „. .^g 

each being connected to a i^cp- 

arate pair of collecting rings, aa shown in Figs. 127 and 128. 
Fig. 127 shows a two-phase concentrated winding, one slot j)er 
pole for each phase. Fig. 128 shows a two-phase winding dis. 



ViK. 127. l''ig, I2a. 

tribiitcd in two slots per pole for each jilmse. In each of the 
figures (127 and 128J, the winding of one of the phases ia shown 
by dotted lines, to distinguish it from that of the other. 

Three-Phase Windings. Tlie three-phase winding consists 
of three independent single-phase windings on the same armature, 
the terminals of the individnal windings being connected aecord- 



,v Google 



122 ALTERNATING CURRENT MACHINERY 

ing to the Y scheme or A scheme, as explained in article 46. 
Fig. 12i) shows a three-phase concentrated winding (one slot per 
pole for each phase), Y-connected. Fig. 130 shows the same 
winding A-connected. In Figs. 129and 130 the windingot phase 
A is shown hy heavy full lines; the winding for phase Bib shown by 
light fill! lines; and the winding for phase C is shown by dotted lines. 



KiR. 129. Fig. !.■». 

The Y connection gives I ii times as ninch electromotive 
force between collecting rings as the A connection for the same 
total number of conductors per phase, and is the more suitable for 
high electromotive force machines. The A connection, on the 
other hand, is especially adapted 
for machines for large current out- 
put. The line current is 1'' y times 
iiagreat as the current in each wind- 
ing in a A-connectcd armature. 

Fig. 131 shows a three-phase 
l»ar windingdiatributedin two slots 
])er pole for fach phase. The sketch 
/', Fig. 131, is a sectional view of 
one slot containing a single conduc- 
p- j„, torin theformof arectangular bar. 

Fig. 132 shows a three-phase 
coil winding distributed in two slots per pole for each phase and 
arranged in two layers, there being as many coils on the armature 
as there are slots, so that portions of two coils He in each slot, one 
above the other. The portions of the coils represented by full lines 
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lie ia the upper parts of the slots, and the adjacent dotted portioni 
lie in the bottoms of the same slots. The sketch It, FIfj.' iy2, is t 
sectional view of cue slot showing two half-coila one al)ovi} tht 
other, thus constituting a two-layer winding. 

The nu'thod of connecting up the st^jaratu wiudinga of i 
three-phase alternator ia aa follows: 



Thk Y' CoNsarrioK. The terminBln of tlie individual nindinga which 
«re to be connected to the common junction nnd to the collecting rings, may 
be determined B3 followH: Coni^idcr the instant when nindlng A ia BQuarelj 
under tlie poles, aa shown in Fig. 129. The eletTtromotivo force in this wind 
ing (and the current also, if the circuit ia non-inductive) is a mnjiimum, B:id 
the currents in the other two phB-iesIi and C are each half asgreat. If wind 
ing A iflconnoctcdMi that ilH current is flowing anny from k, windings B and 
C muist lie conntHitt'd no that their currents flow towards k. 

The i CiwiNKtmos, The throe windinjpi form a (closed circuit when 
A-connected. The total electromotive force around this circuit at any instant 
must be zero. Con.iider the instant when winding A is squarely under the 
poles, as shown in Fig. 1.30. The electromotive force in this winding is a 
maximum, and the electromotive forces in the other two windings are each 
half as great. Then winding A ie connected to any pair of rings, say 1 and 2; 
winding B is connected to ring'3 and ring 1 (or 2|; and winding C is connected 
to ring 3 and ring 2 (orl); these connections are made so that the eltn^tromo- 
tive fotces at the given instant are in the directions indicated by the arrows 
in Fig. 130. 
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COMMERCIAL TYPES OF ALTERNATORS. 

52. Alternators are of thrt* types, differing in the means 
employed forciiiisingtlie conductors to cut the magnetic flux from 
the field magnet. Theso types are: 

1. Revolving-Armature Type, 

2. Revolving- Field Type. 

3. Inductor Type. 

53. Revolving'Armature Alternators. In this type of altor- 
nator, the field magnet is stationary, while the armature is mounted 
on a ehaft and is driven (by means of a belt or mechanical 
coupling) by the prim© mover, which may be either a steam 
engine, a steam turbine, or a water wheel. The current induced 
in the armature conductors is delivered to the external circuit 
through collector rings on which brushes mb. The armature may 
be wound for a single- phase current (having two collector rings), 
for two-phase currents (having four collector rings), for three- 
phase currents (having three collector rings), etc. The revolving- 
armature tyj>e is used almost exclusively for alternators of sra^l . 
output and moderate voltage. 

Fig. 133 shows a 00-kilowatt l,100.volt 8-pole single-phase 
belt-driven alternator manufactured by the Fort Wayne Electric 
('ompany, of Fort "Wayne, Indiana. It is designed to be driven 
at a speed of 900 revolutions per minute; hence the frequeiicy of 

S X iioo 

its electromotive force la - — ..^ ■ = 60 cycles j«'r second. The 

figure shows the two collector rings adjacent to the armature, also 
the rectifying commutator with its brushes for supplying uni-direc- 
tional current to the coarse wire coils of the composite field winding. 

The exciter is a shunt-wound i-pole 2-kilowatt direct-current 
generator running at a speed of 1,400 revolntioos per minute. It 
is shown belted to a pulley on the alternator ehaft. The current 
from this exciter is led to the fine wire coils of the composite field 
winding. Each field pole of the alternator is provided with two 
coila wound on one and the same spool — one of coarse wire, sup. 
plied with current from the rectifying commutator; and the other 
of fine wire, supplied with current from the exciter. 

The field structure, base-plate, and pedestals are cast in one 
piece, and the whole machine rests upon a cast-iron sub-base. This 
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Hiih-luiHtf IB jirovidfil with uVule rails alon^ which the iimi'liJiie tiiiiy 
li«< iiiovikI by iiifHiiB of a scivw tiinii'd liy a ratchet aiui lever, aa 
sliuwi) this for tlii^ |)iir]x)t«- of ml jiistiti^ thr tension of tlie main 
driviii}! Iidt. The field polert aie "Imilt lip" of sheet-iron atanip. 
inga and are held together hy long Intlts. These field poles ara 
arranged in the mould in which the field frame is cast, and are thns 
cast-welded to the frame. The field eoila are machine-wound on 
spools, with insulated copper wire, the coarse wire coils being wound 
on top of the fine wire coils. The field spools are held in [wsition on 
the field poles hy brass collars fixed to the outer ends of the poles. 
The coarse wire coils, connected in series, are supplied with 
nni -directional current 
from the rectifying com- 
mutator; and the entire 
set is shunted with re- 
sistance consisting of a 
strip of (iermau silver 
wound on an insulated 
form (Fig. 134), and 
mounted on an insulatetl l)]oi.'k inside the hollow jiedestal on the col- 
lector end of the machine. 

The armature is of the iron-clad ring type built up of small 
overlapping sheet-steel punchings, annealed and japanned to re- 
duce the loss caused hy hyatert:sis and eddy currents. 



*fg. 1 



Fig. 135. 
The armature winding is of the concentrated or uni-coil tjrpe. 
The coils are wound by hand directly on each armature tooth, 
insulated cop[)er ribbon being used. Armature coils are generally 
wound on formers, and afterwards sprung into jtlace in tlie slots 
ou the armature core. 
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Figs. 135 and 18G ebow a Westiiighousesingle-plmse iini-coil 
armature very much like the one used in the altemator shown in 
Kig 183. The coiU of the AVestingliouse alternatorj however, are 
machine- wound on formers; and, after being ta[ied,Tarnisbecl,aiid 
baked, they are spread out slightly so as to pass over the teeth, and 



Pig. 136. 

are forced into place in the deep slota, being securely held in place 
there by wooden wedges. Fig, 135 shows the core uuwound, and 
Fig. 136 the method of placinf^ coils in this type of machine. The 
armature teeth are T-shaped, and partially overhang the armature 
coils, thus protecting the coils from injury. There are, of course, 
the same number of armature teeth as field poles in the uni-cuil 
armature. Thus Figs. 127 and 12S shuw an armature core for an 
eight-pole field. 

Fig. 137 ebowa the completed armature of which the core and 
coils are shown in Figs. 133 and 130. At the ends of the arma* 



FiR. 137. 



ture are two brass shields for protecting the ends of tbe armatnre 
coils. The ring-oiling, spherical -seated, self, aligning bearings are 
shown on the shaft in Fig. 137; and at tbe end of the shaft are 
shown tbe two collecting rings and the rectifying commutator. 
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Tlif wirt'S IfaJinif ti> thw collector rin<^s aiui to the rectifying; 
voiiiiniitator aro led through the sliiift, wliich is inadu hullnu'. 

Figs. 13S and 139 sIkiw asingle-pliaM* AVcBlinghoiisealterna- 
tor armiiliire with distribiiti'd winding. Tbri'ti armature coila are 
shown in Fig, 138 separately and also grouped togother. The 
r of grouj)ing shown is carriiil out when the armature coils 



FiB. m. 

are aasem hied oti the armature core; and there areas many of these 
groups of armature coils as there are poles in the field. Fig. 13i) 
shows the finished armature with end shields, collecting rings, and 
rectifying commutator. 

Id a;;sembling the stampings of an armature core a stiff, cor. 



Fig. 139. 
rugated Ktamping (or its eipiivalent) is inserted at intervals !»■- 
tween grou])9 of the flat sheet-inm stamping;;, thus leaving radial 
air ducts from the inside to the outside of the armature cure. 
These arc kuown as ventilating ducts, and their ohject is to ]H:r 
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mit of a free circulation of cool air tlirougli the armature core and 
coils, tbae preventing excessive rise of temperature. The motion 
of tlie armature causes air to be drawn in through the end shields 
to the interior of the armature, whence it is thrown out through 
the radial ducts, aa in the case of a ventilating fan. Four of these 
spaces between stampings can be seen in Figs. 138 and 130; and 
the armature " spider " and end shields at each end, aa shown, are 
j)rovided with apertures for admitting cool air. 

Fig. 140 shows the field structure of s Westinghoase 180- . 
kilowatt alternator before the field coils have been placed upon it. 
The field poles (laminated) are shown projecting radially inwards 
from the cast-iron, ring- 
shaped yoke. The yoke is 
cast in two pieces, and the 
up{)cr half ia bolted to the 
lower half, as shown in the 
figure. The yoke is divided 
in this way in order that the 
upper half may be unbolted 
and may be lifted off by means 
of the eye-bolt on the top of 
the machine, thus giving easy 
I access to the armature for in- 
spection and repairs. 

Fig. 141 shows a West- 
inghouse 375.kilowatt 2,000- 
volt two-phase revolving-ar- 
mature alternator. Tlie armature winding is continuous; taps from 
this winding are taken out to the collector rmgs spaced 90° apart 
for two.phase, and spaced 120° apart for three-phase. The large 
sizes are not provided with a composite field winding, but the small 
ones are usually so equipped. 

54- Revolving-Field Alternators. In this type of alterna- 
tor, the armature ia stationary, and the armature windings are 
arranged in slots on the inner face of the armature structure, the 
latter forming a closed ring inside of which the multipolar field 
magnet revolves. The armature structure consists of an external 
frame of cast-iron or steel supported ou a bed-plate. The arma- 




ig. 140. 
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tore core proper conBists of a ring built up of relatively small 
stampingB of sheet iron dovetailed into the extertial frame and 
pressed together between two flanges by bolts. The external frame 
in this type of alternator does not to any perceptible extent carry 



lines of force; that is, it does not form a part of the magnetic cir- 
cuit, but serves only as a su[)port for the laminated armature core. 
Fig, 142 shows the armature frame and core of a lOO-kilowatt 
alternator of the Bullock Electric Alannfacturing Company, of 
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CiDciniiati, Ohio. Tlio armature stampings aru separated by cor- 
rugated plates (or tlieir e(juivalent) in order to form ventilating 
ducts through the armature core. The fan action of the revolving 
field forces air i[)to theae ducts, whence it passes into the hollow 
casting and out through the holes sho%rn in Fig. 14:2. 

Fig. 143 shows an armature structure for a (^00. kilowatt 
Bullock alternator, with a three-phase winding in place. This 
winding is distributed in two slots per pole per phase. The coils 
that constitute one of the phases are those of which the ends ehow 
most distinctly. The sides of the coils belonging to the other two 
phases lie in the remaining slots, four of which are surroundwl by 
each pair of coils belonging to the first phase. The manner of 
connecting the coils belong- 
ing to each phase is ex- 
plained in Article CI. This 
armature structure, Fig. 143, 
has two extensions cast as 
part of the frame, which are 
intended to rest upon a foun- 
dation on a level with the 
floor. The lower part of the 
ring is designed to extend 
below the level of the floor 
into a pit. In the same fig- 
ure is shown also a metal _ . ,,„ 
Fig. 142. 
shield screwed to the frame, 

and serving to protect the ends of the armature coils. 

Fig. 144 shows a stationary armature structure for a three- 
phase alternator of the General Electric Company. It is wound 
for 12 poles, and is rated at 225 kilowatts at a speed of 40O revo- 
lutions per minute. lu the figure theend guard-plate is removed, 
showing the ends of the windings; and showing also the three 
armature terminals, which are brought out through an insulated 
bushing screwed to the frame of the machine on the right. 

The SH-pole field structure of a revolving field tyj)e of alter- 
nator of the General Electric Company is shown in Fig. 145. 
This field structure consists of laminated pole-pieces mounted on a 
cast-steel ring, and carried by a cast-iroo spider. The pole. pieces 
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Fig. 143, 

are built up of ahet-t iron, with a slioiilder on thf out«r end si> as 
to cover a wido |K)lar arc and hold tlie fit-Id coils in jiliice. The 
poles are attacked to the steel ring by bolts passing throngli them 
(if tho j)eripheral speed is low); or they are dovetailed into the riagy 
if subjected to high centrifugal stresses. Either method of con- 
struction permits easy removal of the pole-piece and field coils if 
necessary. One of these pole-pieces, with dovetail, is shown in 
Fig. 146. 

Two methods of constructing field coils for revolving iield 
machines are used by the General Electric Comjwny. For smaller 
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macbiiifs tlie wire is wound oti sjioolu whiclt are slipped over flie 
[Kjle-pieces and held in place hy tlie enlarged pole tips. In larger 
niadiiiies the field coils consist of a single strip of flat coppar 
wonndon edge, as shown in Fig. 14(J, so that the edge of every 
turn is exposed to the air to facilitate radiation, and hence cooling. 



Fig. 146. 

Ab thw flat sides rest against each other, segwrated only by thin 
strips of paper for insulation, the entire coil forms a structure of 
great solidity. 

Tlie direct current for exciting the field magnet is carried in 
to the revolving field structure by means of brushes nibbing on 
collector rings to which are connected the terniiDals of the field 
coils. The latter are all connected in series. 
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ALTERNATING CURRENT 
MACHINERY, 

PART III. 



COMMERCIAL TYPES OF ALTERNATORS. 

(Continued.) 
Fifj. 147 is a general view of an 8-pole llS-kilowatt two- 
phase belt-drivi-n Bullock alternator of the revolving. field tjjie. 
It is de8igne<l to give 2,200 volts at the armature terminals when 
driven at DOO revolutions per minute, giving a frequency of CO 
cycles per swond. 



Fig. 147. 
The exciter is a l-pole direct-current generator with its arma- 
ture mounted on the alternator shaft. The field frame of the exciter 
is bolted to an extension of the bedplate of the alternator. The 
four armature terminals are shown leading to a connection boai-d 
bolted to the frame. From this connection board, four cables lead 
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throuffh ineiilated bnahings uiider the floor, and thenw are run 
in conduits to the switchboard (not shown). 

Fig. 148 is a general view of a 48-pole 750-kilowatt direct-con- 
nected revolving field three-phase alternator built by the General 
Electric Company. It runs at a speed of 150 r,p.m., giving a 
frequency of 60 cycles per second and a full-load rated voltage of 
2,300. The collecting rings and leads to the field winding are 
clearly shown in the figure. The armature frame is of cast-iron, of 
a strong box section, into which are dovetailed the iron pnnchiugs 
of the core. Ventilating spaces between the armature laminations 
provide for a circulation of air whun the machine is running. The 
windings are set in slots and held in place by wedges over them. 

Engine-driven alternators, especially in the largest sizes, are 
constructed with their field magnet poles mounted upon the rim 
of their fly-wheel structures. Such machines are called fly-wheel 
alternators. The alternators installed in the central power station 
of the Manhattan Railway Company, of New York City, by the 
"Westinghouse Electric & Manufacturing Company, of Pittsburg, 
Pennsylvania, are good examples of fly-wheel alternators. These 
machines are rated at 5,000 kilowatts, and are guaranteed to 
deliver 7,500 kilowatts for two hours without excessive rise of 
temperature. 

Fig. 140 isa general view of one of the eight generating units 
ni the Manhattan power station. It consists of a vertical com- 
pound steam engine rated at 8,000 horse-power, with a 50 per 
cent overload capacity, direct -connected to a fly-wheel alternator. 

Tlie total height of one of these machines is 43 feet, the 
diameter of the revolving part is 32 feet, and the total weight is 
185 tone. The combined fly-wheel and fleld magnet structure 
consists of a steel hub to which is fastened a built-up disc of steel, 
to serve, instead of spokes, for supporting the heavy rim. This 
rim consists, in the first place, of a number of cast-iron segments 
bolted to the steel disc, and having on their outer faces a series of 
dovetail channels into which the laminations forming the built-up 
field [)oles and connecting yokes (for completing the magnetic cir- 
cuit) are dovetailed. Fig. 150 shows how these built-up field 
poles and connecting yokes are constructed, and bow they are 
fastened to the cast-iron supjwrting structure. Three individual 
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stamjntigs are eliowii sejiarate in the figure. Fig. 150 does not 
represeut the revolving field structure of one of the Manhattan 
alternators descriijed above, but the field structure of a similar but 
smaller machine. 

In aBsembling the stampings that form the built-up structure 
of field poles and yokes, the stampings break joints in order to 
enable the structure to resist centrifugal force u'ithoiit bringing 
undue stress upon tlie central supporting structure. The stamp- 
ings are perforated with a number of boles, as shown. These 
holes register in the built-up structure, and bolts are passed 



Fij!- loO. 

through them In order to clanip the laminations logetlier. At 
intervals of about three inches, the laminations are sejiaratetl by 
a corrugateii himinatiuii [or its equivalent), which si-rves to form 
ventilating ducts that extend inwardly to large openings in the 
cast-iron segments. Those ventilating ducts in the revolving field, 
register or coincide with eorre8|)oudtiig ducts in llie externa! 
Btiitionary armature. 

Tlie field pole tips are lu'veled so as to produce a distribution of 
magnetic fiux which will give approximately a sine-ivavn electro- 
motive force at no load (under load conditions the wave would lie 
Biimewhat diwtorled). 

Fig. 151 f-liows a [KJrtion of the periphery of the rotating 
lield structure of a Manhattan alternator with field coils in place. 
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The field coils are held in place by massive copper frames, which 
project under adjacent pole tips. These copper franiea have also 
large external lips, whidi overhang the beveled edges of the poles. 
The frames, with their overhanging lips, act powerfully to retard 



any shifting of the field flux to and fro across the pole faces. 
Such a shifting of flnx always accompanies the "hunting" action 
of alternators connettid so as to be operated in parallel (as is the 
case with these Manhattan alternators); and the overhanging cop- 
per frames check this tendency to "hnnt." 

The speed of the Manhattan alternators is Ta r.p.m., ■which, 
with 40 poles, gives a fi-equeucy of 25 cycles j>er second. The 
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armatures are wound with three j)hasf8, and they give ll,OtH) 
voltB. The field requires 2:^5 amperes at 200 volts when the alter- 
nator ia delivering full-load current at 11,000 volta on a iion. 
inductive load. About 15 per cent additional field current is 
required to give 11,000 volts when the alternator is run at full- 
load rated current, the power factor of the receiving circuits being 
yO per cent. The full-load regulation of the machine is 6 per 
cent with non-inductive receiving circuits; that is. there is a (i per 
cent rise of voltage when full non-inductive load is thrown off the 
machine. The efficiency of these alternators ranges from about 
90 per cent at quarter loud to about HO^ per cent at full load, 
when the receiving circuits are non-inductive. 

55. Inductor Alternators. The inductor alternator is that 
type of alternator in which 
both the field winding and 
the armature (core and wind, 
ing) are stationary, and in 
which the magnetic flux pro- 
duced by the lield winding 
is caused to move past the ar- 
mature conductors by means 
of a rotating iron strneture 
called the inductor. See 
Fig. Ifi2. 

Fig. 152 shows the sta. 
tionary armature structure 
of a loO-kilowatt inductor 
alternator. 

The armature is in Fig. 152. 

some resjvects equivalent to 

two ordinary armatures side by side, as may be seen from the 
two rings or crowns of j)ro jeeting teeth. Fig. 15S shows the large 
single-field spool with its supporting lugs. Fig. IGO shows the 
armatnre structure with armature windings and field spool in 
place, and Fig, ir>2 shows the rotating member or inductor. The 
field coil surrounds the narrow neck of the inductor between the 
two fiux distributors. The magnetic flux produced by the field 
coil passes through the narrow neck of the inductor. Fig. 1C>2, into 
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an end.pitico or distributor, around the periphery of wLich are a 
iiiiiiitKir of laminated poJar projewtioiis from which tlie flux passes 
across one air gap into one crown of annature teeth and windings. 
Thence the flux passes through the cast-iron case of the armature 
structure to the other crown of armature teeth and windings, then 
across the other air gap into the polar projections on the other 
distributor, and finally back to the starting jK>int. AH the polar 
projections on one distributor are north poles, and all those on the 
other distributor are south poles. 

Figs. 152 and 102 show a single-phase alternator. This ma- 
chine with given windings may be altered from a single-phase 
machine to a two-phase machine by loosening one distributor, and 
turning it nntil its polar projections come op[K)3iCe to the spaces 
between the polar projections on the other distributor. In this 
case the armature wiudings at one end of the armature structure 
constitute one phase, and the windings at the other end of the 
armature structure constitute the other phase. 

Fig. lf)5 shows a belt-driven Stan ley- Kelley-Chesney (S. K. C.) 
two-phase inductor alternator with its stationary armature struc- 
ture separated so as to show the field coil and inductor. This belt- 
driven type ia built in sizes from 1^5 K.W. to 2^5 K.W., running 
at speeds from 1,000 to 000 r.p. m., and wound to give any volt- 
age up to G.500 in the smaller sizes and up to 0,600 iu the larger 
sizes. This tyjH) is provided with a vertically split armature struc- 
ture with the armature halves arranged to slide on side tables cast 
in one piece with the bedplate. These armature halves can be 
slid apart by means of a screw operated by the npi)er hand wheel 
shown in the figure, thus giving access to the interior of the ma- 
chine. The field coil is shown in Fig. 105, in place between the 
two tlux distribntors of the revolving member or inductor, one 
flux distributor being hidden from view in the figure. This field 
coil is bolted to the armature structure when the halves of the lat- 
ter are brought together to form a continuous ring. 

Fig. 100 illustrates a standard S. K. C. alternator arranged 
for direct connection to the driving engine. The inductor is 
arranged to slide along the shaft so as to give access to the interior 
of the machine. This ty|>e is also provided, if desired, with base. 
shaft, and 1)eariugs for direc't coupling to water wheels and to types 
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of engines where the inductor cannot b« mounted directly upon 
the engine shaft. 

Wbeu this type la mounted directly upon an engine ahaft, the manu- 
faeturerH advise that the armature be not wound for higher voltages than 
2,<iOO On the other hand, when this type la provided with its own 'base, 
Hhalt, aud bearings, so that It can be Insulated Troiu the driving engine or 
waterwheel, the amiature can safely be wound tu give voltages up to 12,000. 

This direct- connected type is built in sizes from (100 K.W. to 
2,(M)0 K.W., running at epeeda from diW to 75 r.p.m. In the 
larger sizes it is not necessary to move the armature or inductor, 
in order to gain access to the armature coils. 

The standard fi-eijuenciea of S. K. (". alternators are (JO, 6fi, 
and 18!J cycles per second. The S. K. ('. alternators are usually 
provided with a complete two-pliaso armature winding at each end 
of the machine, although in some cases each end of the armature 
is wound single-phase, and the polar projections of the inductor are 
" staggered " to give two phases, one at each end of the armature. 

The relation between speed, frequency, and number of ))olar 
projections in tlie inductor alternator, is not the same as in the 
oi-dinary type of alternator with alternate north and south field 
poles. The electromotive force induced iii a given coil of the 
armature of au inductor alternator passes through a complete cycle 
of values while the inductor is moving so as to replace a gi ven 
polar projection by the next following polar projection ; while in 
the ordinary type of alternator the electromotive force induced in 
an armature coil passes through half a complete cycle while the 
field magnet is moving so as to replace a given north pole by the 
next following south pole. 

The armature windings of the inductor alternators shown are 
arrangeil exactly as they would be to adapt them to an ordinary 
revolving field magnet hnving twice the number of jiolar projec- 
tions that the given inductors have. When two adjacent polar 
projections of the inductor are opposite two coils of the armature 
winding, there is an idle armature coil between the polar projec- 
tions. Hence, on the whole, the armature windings are utilized 
only to half the extent that they are in an ordinary alternator. 
For this reason chiefly, the weight aud cost of an inductor alter- 
nator of a given output are greater than the weight and cost of au 
alternator of the ordinary type. 
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56. Comparison of Types of Alternators. Tlie revolviug- 
armatiiru tj-jie of alternator is limited to a genoral power aud 
lighting distribution where only a moderate voltage is required. 
Macliiues of thia typo are cotnjwratively cheap to build. They can 
be an to 111 at it-ally eoni|Mmiided by tbu iisii of composite field wind- 
ings without any complieation of parts, which is not the caae with 
the revolving- field or the inductor types of alternator. Tlie effi- 
ciency of the revolving-armature ty[)e is somewhat higher than 
that of the other two lyjies. 

The revolving-armature tyjR-, on tlie otlier hand, is not suit. 
able for generating either high or low voltages, on account of the 
diflicultiea of insulating the armature conductors and collecting 
rings in the first case (high voltage), and of collecting a large 
armature current iu the second case (low voltage).' 

The stationary-armature (revolving-field) type can, on the 
contrary, be easily insulated to withstand a testing pressure of over 
30,000 volts; and, as no collecting device is required, currents of 
large magnitude can be taken from the armature terminals with- 
out difficulty. Alternators with stationary armatures are now 
built to generate voltages up to 20,000; but it is doubtful whether 
on the whole, it is economical to build them for voltages greater 
than 10,000. Further more, a revolving field can be made stronger 
and more comjiact than a revolving armature, aud thei-efore the 
revolving-field ty|)e of alternator is much the better suited to the 
high speeds eui[>l()yed in alternators driven by steam turbines. 
The combination of a steam turbine direct -connected to an alter- 
nator, is called a turbo-generator. 

The great advantage of the inductor tyjHs of alternator is the 
absence of moving wire, and the consequent absence of all col- 
lecting rings and brnabea, the cost of attendance l)eing thus 
reduced to a minimum. On the other hand, close regulation is 
attainable only by increase of size, and consequent increase of cost. 

57- Conditions Affecting Cost. The most important factor 
in determining the cost of uu alternator fur a given rated output, 
is its speed, inasmuch as a low-apeed machine must be much 
larger than a high-ajKH^d machine of the same rated output. Belt- 
driven machines are always run at the liighest sjM'cd conijutible 
with safety to the alternator itself ; whih', on the other hand, the 
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speed of a direet-connected alternator, being deteniiined by tlie 
Bpeed of tbe etigiue or water wbeul, ia usually less tban is nec«s- 
Bary for safe runuing. Therefore a belt-driven machine is usually 
cheaper than a direct-connected machine of the same rated out- 
put. Very large machines must be direct-connected, inasmuch 
as belt driving is out of the question for large machines on accouut 
of the excessive cost of very large belts, tbe great amount of floor 
space required, the power lost in the belt, the es[H'nBe of attend- 
ance and maintenance, and the noise. Direct -connected alter- 
nators, esjK^cially machines of large rated output, are usually 
designed with the rotating memlHjr (armatnre or tield) of large 
diameter, in order that the permissible B]>eed of the alternator may 
be approximately the same as the projwr sjKsed of the driving 
engine or water wheel. 

A second factor affecting cost is the voltage that is to be 
developed in the armature. A machine for high voltage must 
b^ve a large number of armature conductors, and these con- 
ductors must be highly insulated^that is, the insulation must 
occupy a relatively large portion of the winding space in the 
fliots. This requires a large machine for a given power output, 
on account of the sjmce wasted, as it were, in insulation. To 
offset this disadvantage, a high-voltage alternator does not require 
tbe use of step-up transformers, the voltage generated in the 
alternator being suited for the transmission of power to moderate 
distances. That is, the extra cost-of the alternator may be more 
than offset by the saving in the cost of the step-up transformera. 

A third factor affecting cost is found in the requirements of 
close regulation and high efficiency. Thus an alternator of given 
power output may be made smaller in size, and therefore cheaper, 
if high efficiency and close regulation are not demanded. High 
efficiency and close regulation mean a liberal use of iron and 
copper in order to secure a minimum loss of power and electro- 
motive force in a machine. Furthermore, the efficiency of a given 
size of alternator for gii'cn output may be increased at the ex- 
pense of regulation, or v'r^ vvi'm. 

A fourth factor affecting cost is the frequency required. 
With given speed an increase of frequency means an increase in 
the number of Held poles and in the numl>er of armature coils, 
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and therefore &n increase in tbtj cost of construction. This ele- 
ment of cost is most prominent in very slow-speed direct -connected 
alternators. For example, a l!i3-cycle alternator, direct-connected 
to an engine running at 300 r.p.m., must have f)2 poles to give tlie 
reqnired frequency. To reduce the frequency to 40 cycles would 
require only 10 poles, with a corresponding reduction in the cost 
of the field magnet copj)i^r and of labor. On the other hand, low- 
ering the frequency of an alternator, while keeping the sjieed con- 
stant, would re(]nirean increase in the ust'ful flux [rt pole and a 
corre8[Hniding increase in the cross- sectional areas of the held 
yoke, the field |>ules, and the armature core. This would mean 
an increase in the amount of iron to bt^ used in the iiiaeliine. 
Iron, however, is cheap; and the extra cost of iron would be 
more tiian offset by the saving in copfter and labor. 

ALTERNATOR LOSSES. EFFICIENCIES, RATINGS. 
AND TEST5. 

58, Losses of Power In an Alternator. The jtower lost in 
an alteniiitor consistB.of the following jwrts : 

(a) 1^88 due to bruHli, journal, and air rrlutlun. Air frictlun Is usu- 
ally called windage. 

(b) Power cunHuiiied In beating the Held wlndiuKs Liy the exciting 
current. 

(c) Power lost hi heating the anuature whidhigH liy the annatuie 
current or currents. 

{d) Eddy current and liyntereKlH loiuieH In alt Irun tliat in HulijeQt tu 
variatiouB of magnetization. 

Friction and windage loss can l)e determined only by experi- 
ments upon the finished machine. 

The power consumed in the field windings is liV, where 14 is 
the resistance of the Held circuit, and I is the field current. The 
field rheostat is a part of the machine, and the losses occurring in 
it are a part of the machine losses. This same formula may be 
used to calculate power consumed in each field winding of a eoni- 
posite-iield alternator. 

The power lost in heating the armature windings is IIPX 
t/iti iiiiiiihff of jiham-K. where li is the resiatance of e.acli phase, and 
I is the current in each phase. 
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The power loat by eddy ciirrente and hysteresis may be ap- 
proximately calculated by the nietliod employed for the corre- 
apondiiig calculation In the case of a transformer. 

59. Efficiency. The efficiency of au alternator is the ratio 
outptit iif2>ow<:r -7- injtvt <if power. Since the mechanical input 
of power is equal to the output of power plus all the leases of 
power, we have also: 



Efficiency = 



output 



output - 



At zero load (zero output), the efficiency of an alternator is there- 
fore zero; the efficiency increases with increasing load, reaches a 
niaxinmm, and falls ofE for large loads. An alternator may be 
designed to give its maximum efficiency at any prescribed fraction 
of full load. It is generally desirable to design the machine to 
^ve its maximum efficiency at approximately full load. 

The efficiency of a large alternator at full load is usually 
greater than the efficiency of a small alternator. For example, the 
large alternators in the great power stations at Niagara Falls have 
efficiencies of over US percent, 
A well-designed 6U-kilowatt 
alternator has an efficiency of 
about 90 percent. 

60. Practical and Ultimate 
Limits of Output, The dotted 
curve. Fig, 153, is the character- 
istic curve of a given alternator. 
TIiiB curve eliows the relation 
between the current output 
(plotted as abscissas) and the 
electromotive force between the 
collecting rings (plotted as ordi- 
nates, using scale to the h-fC), the 
field excitation being kept con- 
stant. Theordinatesof the full- 
line curve (scale shown to the right in the tigure) represent the 
power outputs (in kilowatta) corresponding to the different current 
outputs (receiving circuit non-inductive).- Tlie maximum outpnt 
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of the alternator, in this east;, is 08 kilowatts when the current 
outpnt is 'dH amperes. In practice the allowable power output of 
an alternator is limited to a smaller value than thismaximnni out- 
put by one or the other of the following cont^iderations: 

(a) Electric lighting aud power jiervice usually demawia an aii- 
pioxlmately coustuut electromotive force ; and it la not periulsHlble to take 
from au alternator a current no large as greatly to reduce ItH electromotive 
force. Tbis dilticulty may be largely overcome by providiug for au In- 
crease of field excjtatiou of the alternator wltli Increase of load, as Is done 
in tlie alternator witb a composite field winding. 

(b) The current delivered by au alteruator generates beat in the 
armature of the alternator; and the temperature of the armature rises 
until it radiates heat as fast as heat Is generated in it by the current. 
Excessive heating of the armature endangers the Insulation of the wind- 
ings; aud it is nut permissible to take from au alternator a current so 
large as to heat its armature more than 40° or 50 ' C above the temperature 
of the surrounding air. This heating effect of the armature currents usu- 
ally fixes the allowable output of an alternator, e):cept in those rare cases 
where extreme steadiness of electromotive force is required, or where the 
alternator does not have composite iield excitation. 

Influetice of Inductance upon Output. Alternators are rated 
according to the power they can deliver steadily to a non-inductive 
receiving circuit without overheating. The amount of power 
which an alternator can satisfactorily deliver to an inductive 
receiving circuit is less than that which it can deliver to a non- 
inductive receiving circuit, because of the phase difference of elec. 
troniotive force and current. The cosine of the angle of phase 
difference (cos 0) is called the "power factor" of the receiving 
circuit, as before pointed out. The power factor of lighting cir- 
cuits is very nearly unity if the transformers are all operating at 
approximately full load. 

A transformer having its primary coil connected to alterna- 
ting current mains, but furnishing no current from its secondary 
coil, has a power factor of approximately 0.7. The power factor 
increases with the secondary lamp load, until, in the neighborhood 
of full load, the power factor ia nearly unity. 

■ Induction motors, like transformers, have a niaximuni power 
factor at full load. The jwwer factor of induction motors, even at 
full load, rarely exceeds O.U; under partial loads it falls to 0.7 or 
even leas. 
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A Jiiixwl load foiisisting of transforinera and induction motors 
more or less fully loaded, has an average ])ower factor of from 0.8 
to 0.85. 

6i. Rating and Overload Capacities. Previous to tlie def- 
inite reeommendation9 of tlie American Institute of Electrical Engi- 
neers in the matter of overload capacities as given below, there 
were great differences among different manufacturers in the rating 
of alternators. ' Thus one maker might have sold a certain alter- 
nator as a 50-kilowatt alternator, although the machine might have 
been capable of delivering DO jier cent overload (or 75 kilowatts) 
for several hours without dangerous rise of teni|)erature; whereas 
another maker might have sold an exactly similar machine as a 
7o-kilowatt alternator. 

As an illustration of the difference of permissible rating of a 
given alternator according to conditions of service, the following 
is taken from the practice of one of the large American manufac- 
turing companies. 

Acertalnaltematotbai) twenty poles, and runs at IriOr.p.m. When 
this maclijne is rated at 300 kilowatts, its maximum rise of temperature 
will not exceed 83 'C (by thermometer) wlien it is operated continuously 
with non-iuductive full load; Ita maximum rise of temperature will not 
exceed 55"C wheu it is run for two hours at 50 per cent overload non- 
inductive. Its full-load regulation will be percent with uou-mductlve 
load, and 18 per cent with tH> per cent power factor. 

When this same machiue is rated at 36D kilowatts, its maximum 
rise of temj>erature will not exceed 40'C (tiy thennomeler) wheu It is 
operated continuously with non-luductive full load; its maximum rlue of 
temperature will not exceed 55 when it is run for two hours at 2^ per 
cent overload non-inductive. Its full load regulation will be S per cent 
with noa-iuductive load, and 1^ per cent with 80 per cent power factor. 

In general the rated power output of any alternator may be 
20 per cent higher with a permissible rise of temperature of WG 
and a regulation of 8 percent on non-inductive full load, than 
with a permissible rise of temjwrature of 35"C and a regulation of 
6 per cent on non-inductive full load. 

6ia. American Institute Rules on Ratings and Overload 
Capacities. In order to establish a definite and uniform basis for 
rating alternators and for guaranteeing their performance in serv- 
ice under normal full load as well as overload, the following 
rules have been adopted by the American Institute of Electrical 
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Engineers. The nuiiibers in parentlieeee are tin- paraj^rajili nuniUera 
of the revised report of the liiatitiite Committee on Standardization: 

"(75) Both electrical and mechanical powerahould be expressed tn 
kilowatts, except when otherwise specllted. Alteruatlng-curreut appa- 
ratus should be rated in kilowatts ou the baals of non-inductive cuudl- 
tlou, t. e., with the current in phase with' the terminal voltage. 

"(Tit) Thus the electric power generated by an alternating-current 
apparatus erjualB Its ratiug only at noa-iuductlve load, that i», when the 
current is in phase with the Icrniincl voltage. 

"(77) Apparent power should lie expressed in kilo volt-amperes as 
dlstjugulfibed from real iK>wer in kilowatts. 

"(TK) ir a power-factor other than 100 per cent Is Bpechled, tlie 
rating should Ite expressed in kilo volt-amperes and power factor at full 

"(79) The full-load current of an electric $;enerator is tliat current 
which, with the rated full-Iuad lerniinal voltage, gives the rated kilowatts, 
but In alternating-current apparatus only at non-inductive load. 

"(SO) Thus, in machines In which the full-load voltage differs from 
the no-load voltage, the full-load current t^honld refer to the former. 

" If r = rating of an electric generator, and E = full-load terminal 
voltage, the rull-Ioad current is : 

P 
1 = — In acmitlnuiius current machine or shigle-pliase alternator. 

P 

J — — hi a three-phase alteruator. 

^' I ;i 
P 
1 = - — ■ in a <|uarter-phase alternator. 

"(S9) All guarantees on healing, regulation, sparking, etc., should 
apply to the rated loa<l, except where expressly specllied olherwibc ; and 
In alternating-current apparatuH, to the current lu phaee with the tenni- 
ual e.m.f., except where a phate displacement is inherent in the appa- 
ratus. 

"(90) All apparatus should be able to carry the overload speciMe.l 
in Kection ^l, without self-destruction by heating, sparking, mechanical 
weakness, etc., and with an Increase In temperature elevation nut exceed- 
ing 16' f al)ove those specilied for full loads, the overload being applied 
after the apparatus has acijuired the tem|ieralure eorres|>ondiug to full- 
load continuous operation. 

"(ill) Overload guarantees should refer to normal conditions of 
operation regarding speed, frei|uenry, voltage, etc.; and to non-inductive 
omditlons in alternating apparatus, except where a phase displacement 
Is Inherent in the apparatus. 

"(82) The following overload capacities are recommende<l : 

"1st. Ill direct-current generators and alternating-current gener- 
ators — 'Si per cent for two hours. 
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"2d. In dlrect-cunent motors, iuductioa .motors, and eynchronouB 
motora, not including railway motors and otiier apparatus intended for 
intermittent service— 25 per cent for two lioure, aud SO per cent for one 
minute, formomentary overload capacity. 

"8d. tiynchrououa converters— 60 per cent for one-lialf hour. 

"4tti. TransformerB— 2) per cent Tor two hours. Except in tran»- 
formers connected to apparatus Tor which a different overload Is guaran- 
teed, in which case the same guaiauteea shall apply for the transformers 
aa for the apparatus couuected thereto. 

"5th. Exciters of alternator^ and other synchronous machines — 10 
per cent more overload than la required for the excitation of the synchro- 
nous machine at Its guaranteed overload, and for the aatne period of time. 

" 7th. All exciters of alternating-current, single-phase or polyphase 
generators should be able to give, at constant speed, sufficient voltage to 
excite the alternator, at the rated speed, to the full-load terminal voltage 
at the rated output In kllovolUamperes and with 50 per cent power 
factor " 

61b. Altematins-Current Testitie in Qeneral. In the 
commercial testing of alternating-current apparatus, ab in that of 
direct-current apparatus, the object of the teats is to deterniine the 
performance of the apparatus under normal working conditions. 
Care mnsi be taken, therefore, to carry out each test under the 
normal working conditions with respect to speed, voltage, fre- 
quency, etc. Errors of observation may be greatly reduced by 
taking a serieB of observations instead of a single observation or a 
single set of observations, Tlie observations of this series should 
be plotted point for jwint, and a smooth curve drawn through the 
points in such away that the points will be equally distributed on 
both sides of the curve. 

Different classes of apparatus require different tests ; more- 
over, the same test may be performed differently on different kinds 
of machines. For the sake of convenience the different classes of 
apparatus treated will be taken up in the following order: 

(1) Alternating curR^nt generators ; (2) Synchronous motors ; 
(3) Transformers ; (+) Ilotary converters ; (5) Induction motors. 

Every piece of electrical apparatus must satisfy two vital 
requirements, namely : 

(a) It must have Insulation of sufficient strength to stand safely 
the voltage at which it is Intended to be operated. 

(6) It must not overheat under normal working conditions. 

Faulty insulation must be carefully gnard*(d against, since, by 
the breaking down of the insulation, the apparatus may be put out 
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of service. In the case of tmDBfurinerB for lighting service, a 
breakdown of the inBtilatioti between the primary aud secondary 
coils endangers the life of persons coming in contact with fixtares 
on the secondary circuit. Overheating a machine causes a gradual 
deterioration of the insulation, which may finally result in a com- 
plete breakdown of tlie apjwratus. Overheating must, therefore, 
be avoided. 

6ic. Insulation Testing. There are three distinct kinds of 
insulation testa: 

(a) The determioatioa of the electrical reHletauce of the iusulatioa 
In ohuis. 

(6) The subjectlu)^ uf tlie iuimtatluu of an apparatus to a prescribed 
voltage in ext-ess of the rated voltage of tbe apparatus. This test is in- 
tended to iueiire ttiat tlie apparatus will operate safely at Its rated voltage. 
It is fre<|Ueutly called tbe " teist of dielectric ntrenKth ". 

(c) Tbe aubjectiug of tbe lusutatlon tu a voltage wliich is Increased 
UDtll tbe iusulatlou is punctured or breaks down. Tbie is called tbe 
"break-down test". 

[a) The Insulation resistance test, or in other words, the de> 
termination, in ohms, of tlie resistance of an insulation, is usually 
made by measuring with a sensitive galvanometer the very small 
current that is forced througli the iusnlation by a known direct 
or steady electromotive force. The value of the i^'sistance is equal 
to the electromotive force divided by the current. 

The resistance in ohms of the insulation is of only secondary 
importance as compared with the dielectric strength or the resist- 
ance to rupture by high voltage. Insulation resistance tests should, 
if possible, be made using the electromotive force for which tbe 
apjiaratna is designed. 

The insulation resistance of the complete apparatus should be 
such that the rated voltage of the apparatus will not send more 
than j75,lujjT[^ of the full-load current, at the rated terminal volt- 
age, through the insulation. 

(b) The test oi dielectric strength is usually made as fol- 
lows: The terminals of the secondary coil of a step-up "high- 
potential" transformer are connotated to the terminals of a spark 
gauge and to the terminals of the insulation to be tested, as shown 
in Fig. 164. The figure shows that the apparatus under test and 
the spark gap are connected in parallel between the terminals of 
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the seeondary (liigli- voltage) coil of the testing transformer. Tbe 
sjmrk ^Mge (see article 32) is set at a sparking distance eorre- 
sjioiidiiig to the voltage to be used in the test; and the voltage is 
increased by adjusting the water rheostat in series with the pri- 



CQNNECT1DN5 DF 
HIGH POTENTIAL TESTING TRANSFORMER 

10000 VOLTS 








Coi-inect Calibrating 
/Tai-HdB 



npi3arat.us under T«»t. 



Water Rheoatat, 



Fig. 154. 

niary{low-vollage) coil of the tmnsfonuer, until either the insulation 
is punctured or the desired voltage is rea«he<l, as will l>e indicated 
by the sparking across the gap between the needle points. 

Fig. 154 shows the electrical connections for carrying out a 
test of dielectric strength on a certain commercial transformer 
marked in the figure "apparatus under test". It will be seen 
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that one tt^rminal of the high-voltage coil of the testing trans- 
former is connected to one terminal of the primary coil (at the left) 
of the transformer under test, and the other terminal of the high- 
voltage coil of the testing transformer is connected to one of the 
four terminals of the secondary coils of the transformer tinder test. 
The high voltage is therefore applied to the insulation between the 
primary and secondary coils of the transformer nnder test. 

Tests of dielectric' strength are made with voltages ranging 
from lA to 10 times the rated temiioal voltage of a piece of appa- 
ratus, according to the rated voltage and output of the apjiaratua. 



Fig. 166. 

For example, a transformer of any output whose rated terminal 
voltage is 20,000 would, accoixiing to the recommendations of the 
American Institute of Electrical Engineers, Iw tested with iiO,000 
volts, whereas a 1,000-volt tranafoniier would be tested with 3,500 
volts. An induction motor under 10 II. P. rated at 110 volts 
would he tesU-d with 1.000 volts. 

('■) The break-down test is frequently applied in the testing 
of Kniall sainplfs of insulating material. For example, a shi-et of 
fuller board, mica-canvas, oiKnl linen or cloth, would he clamped 
hi'tween sheets of metal connected to the ternjiiials of the higli- 
vultage coil of the testing tranafonuer, and the voltage would be 
increased until the insulation was punctured, the voltage ])roduoing 
puncture being ri-coRled. A basis is llnis obtained for the accept- 
ance or rejection by the purchaser of a lot of insuhiting material. 
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Tlie following table gives, in inches and in centimeterB, the 
sparking distances iu air between opposed sharp needle-points, 
corresponding to various ejfective sinuso'uhd voltages. The volt- 
ages are expressed in kilovolts (1 kilorolt ^ 1,000 volts). Fig. 
155 is a curve plotted from the data given iu the table and shows 
graphically the nOatioii between sparking distance and voltage. 
The voltage corres[X)nding to a given sfmrkiiig distance varies 
greatly with tlu^ sharjiness of the needle-points, and with the sliajK) 
of the electromotive force wave. 
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Sometimes the value of the voltage applied to thu apparatus 
is not measured by the spark gauge, but is inferre<l from the read- 
ing of a low. reading voltmeter connected between the points A 
and B in Fig. Yoi. Thus, if there are 100 times as many turns 
of wire in the secondary {high- voltage) coil of the testing trans- 
former as in the primary coil, then the readings of the voltmeter 
connected as specitied mnst be multiplied by 100. . 

did. Characteristic Curves and Tests — Saturation Curve. 
The saturation curve of a generator shows the relation between the 
volts generated in the armature and the amperes of field cnriTeut 
(or am jiere- turns of the field), for a constant armature current. 
The armature current may be zero, in which case the curve is 
called no-load saturation curve, or sometimes the open-clrcuit 
characteristic curve. A saturation curve may be taken with full- 
load current in the armature ; but this is rarely done, e.\cept in 
alternators 'of com jmra lively small output. If a full-load satura- 
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tion carve is desired, it can be approximately calfulate<l from the 
no-load saturation curve aud the carve for synchronous impedance, 
as will be explained later. 

The diagram of connections for determining the no-load 
saturation curve is shown in Fig. 150. The alternator ia repre- 
sented as a three-phase machine of the revolving- field typo (arma- 



ture is statii 



ionary). 



The field winding ia connected through slip 



rings '/ and c, and brushes /"and ;/, to an ammeter A, and thrpujfh 




Fig. 1.56. 

an adjustable resistance ;■, to the exciter or other direct -current 
source, A voltmeter V, is connected across tho lield-winding ter- 
minals to measure the voltage applied to the field winding. The 
voltmeter V,, for measuring the voltage generated by the machine, 
is connected directly to two of the armature terminals, it and c, in 
the case of a low-voltage machine. It the voltage generated ia 
greater than the capacity of the voltmeter, a multiplying coil or a 
step-down potential transformer may be used to reduce the electro- 
motive force to bo measured. For very high voltages a potential 
transformer must be used. 

A series of observations of the electrpmotive force between 
the terminals of oneof the jiliases, such as </ and <\ is made for dif- 
ferent values of the field current. Eight or nine points along the 
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curve are uBiially sufficient, the Beries extending from zero electro- 
motive force to about fifty per cent above normal rated voltage. 
The points sbonld be taken more closely togetlier in the vicinity 
of normal voltage than at other portions of the curve. Care mnet 
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Fig. 157. 
l>e taken that the generator is run at its rated B[)eed,and this speed 
must be kept constant. Deviations from constant speed may be 
most easily detected by the use of a tachometer. 

If the machine is two-phase or three-phase, the voltmeter may 
be connected to any one phase throughout a complete series of 
observations. The voltage of all the phases should he observed 
for normal full-load excitation by connecting the voltmeter to each 
phase Buccessively, keeping the field current constant at normal 
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voltage. Thia is done in order to see Low closely the voltage of 
the different phases agree. 

The observatiouB reqiiire«l for the determination of the satnra- 
tion curve are the following: 

Volt» at Field B|>eed. 

Tenniiials, V,. 

Fig, 157 ehowa a saturation curve taken from a 2,000-kilo- 
watt three-phase alternator of the revolving- tield tyiH", having 10 
poles, and generating 2,(KK) volts, and 570 amperes per phase, 
when run at 300 revolu- 
tions |)er minute. 

Fig. 159 gives a num- 
ber of curves for a two- 
phase ISu-kilowatt 2,400- 
volt GO-cycle S. K. 0. 
inductor alternator. In 
particular, the no-load sat- 
uration curve is shown 
giving the relation Ix-tween 
tlie field current and the 
voltage between armature 
terminals of one phase. 
This curve shows that 
nearly 7 amperes of field 
current is required to give rated voltage (namely 2,400) at no load. 
The lield current required to give voltage at full non-inductive 
load is 8-8 amperes, as is explained in article 04 on regulation. 
From the saturation curve it is evident that this full-load field 
current will produce about 2,025 volts at no load, 

63. Synchronous Impedance.^ The synchronous- impedance 
curve shows the relation between armature voltage Pnd armature 
current, the armature being short-circuited so that the only condi- 
tion that limits the current for a given voltage generated is tbe 
synchronous impedance of the armature. This is materially 
different from tbe impedance of the armature when the machine 
is standing still. 
•Bee Article 41. 




Fig. 158. 
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The connections for this teat are Bimilar to those for the 
Batnratioii curve, except that the voltiieter (or potential trans- 
former) connected to the armature is replaced by Hn ammeter. If 
the current is beyond the capacity of tlie ainmeters at hand, a cur- 
rent transformer may be connected in the place of the ammeter, 
and the ammeter connected to its secondary. 



ARMATURE CURRENT 

Fig. 159. 

A series of observations is to be taken of the current in the 
armature, with the latter short-circnited through tlie altimeter, 
for different field currents, commencing at a very low value, and 
increasing the field current by successire steps until the armature 
current has reached a value of 100 per cent above its rated full- 
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load value. The laet few readings must be made quickly to pre- 
vent undue heating of the armature. The armature winding 
should be at approximately normal temperature when the test is 
made. The speed should be kept approximately at the rated 
speed of the machine. It is not as essential to keep the speed 
constantly at rated value as when observations are being made for 



t'ig. im. 

the detennination of the saturation curve. Tlio observations to 

be recorded are the following: 

Amperes In the Amperes In Volte at Field a ,,_^ 
Armftture. Field. Termiuals. »pe«i. 

Fig, 101 shows a curve giving the relation Iwtween electromo- 
tive force induced in the armature and thecurreJit in the armature 
when short-circuited through an ammeter. This figure relates to 
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tlie same 2,000-kilowatt alternator whose saturation carve was 
given iu Fig. 157. The electromotive forces plotted in this figure 
are not obaerved valnes, but the field exeitationa required to pro- 
duce them are observed, and tlie electromotive forces corrrapond- 
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Fig. !«]. 
ing to these Jield excitations are taken from the saturation curve, 
Fig, IS-. 

The total electro motive force induced in the armature for a 
given value of the iield current may be read off from the no-load 
saturation curve of the machine, obtained as previously described. 
A curve may then be plotted with the electromotive force induced 
in the a'rmature aa ordiuatea, and the observed armature currents 
(on short circuit) aa abaciBaas. This curve is sometimes called 
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the synchronous impedance curve, although it does not explicitly 
ehow the valnes of the synch ronons iiiipedauce of the armature. 
The ayiichronous impedance of the armature for a given value of 
annature current may, however, be derived from this curve by 
dividing the total electromotive force induced in the armature 
(ordinate) by the corresponding value of the short-circuited arma- 
ture current (abscissa). For example, the synchronous impedance 



Fig. 162. 
corresponding to 576 amperes (which is the full-load current per 
phase of the machine) is 

.^;y^;^=i.i,o„i„„.. 

Synclironons impedance is uaed as a basis for the predeter- 
mination of the regulation of the machine, thereby avoiding tlie 
trouble and expense of an actual test of regulation under full load. 

The synchronous impedance of an alternator annaturt* is very 
nearly equal to the eynchrouoiis reactance of the armature, inas- 
much as the armature resistance is usually small. Moreover the 
electromotive force ivquiretl to overcome synchronous reactance is 
very nearly equal to the electrbuiotive foi-ce required to overcome 
synchronous iinjiedaiuM'. 

63. Determination of Resistance of Armature. In the case 
of a three-phase annatuiv, ilie resistance per phase cannot bo 
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measured directly between collector rings, since there are two 
phases in series between collector rings in a Y-coniifcted arma- 
ture; while in case of a A-connected ariuatnre, two phases iu series 
are in parallel with the third phase between any two collector rings. 

The resistance [)er pbase can be measured either directly by 
Wheatstone bridge and galvanometer, or by the " fall of poten- 
tial " method. In the case of a Y-connected armature the resist- 
ance per phase is one-half the resistance between terminals, 
provided that the resistance of alt the phases are alike. Id case 
the resistances of the phases are unequal, the resistance of any 
phase may be deduced as follows : 

The resistance between tenni- 
nals A and B, Fig. 1G3, is: 



. a 4- h. 



('■) 




The resistance between termi- 
nals B and is: 

Rue = A + '■■ («■) 

The resistance between termi- 
nals C and A is: 

Fig. IBS. 

^^ = e + ... (in-) 

Then <i ^ R^b - (iv) 

h=li^c~ c {V) 

<• = It^-A - a (vi) 

Substituting (w/) in («) we obtain; 

/, = Rb^ - E(;a + a. {v!l) 

Substituting {i>i') in (/c) we obtain: 

« = Bab - Rbc + llcA ~ ", 
_ Bab - Rrc + ^ca 



from which 



Similarly we find: b = - ^ 



- RcA + Rai 



. RcA 
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If R^g ^ Rgp =^ R^.^, then a = h =^ c = - ^. For a 

A-coniiected armature with equal reeiBtanees j)er phase, the resist- 
ance per jihase equals J times the resistance Iwtween terminals. - 
The general expression for the resistance of any phase can be 
deduced as in the above ease for Y connection. In this case 
there are two circuits between A and B, one through the phase «, 
and the other through phases h and c in series, as shown in 
Fig. 164. Remembering that the joint resistance of two (or more) 
circuits in parallel is the reciprocal of the sum of the reciprocals 
of the resistances of the several branches, we have: 




K., 



1 



_ , 1 ' 

« '" *T^ 

h ■ '■ -t- '( 

Fig. 164. '■ ' « ^- '' 

From these three equations the three unknown qiiautities <i, h, and 
c, may be found by algebraic elimination as in the case of the Y 
connection. 

64. Regulation." The saturation and synchronous impe- 
dance curves of an alternator together with the resistance j)er ]ihase 
of the armature, are all the data required for the computation of 
the regulation of an alternator. The direct detertiiinatiou of regu- 
lation by observation would be as follows: 

"The alternator would be run at normal rated speed, delivering 
rated full-load current with rated full-luad e lee tromu live furce at Its ter- 
minals. Tbe main circuit would then be opened, thus reducing tbe cur- 
rent output to zero. Tbe excitation would be left unchanged, and the 
rise of terminal electromotive force would be obnerved. Then, 
_ , ,, . . rise of terminal electromotive force --„ 

ReKulatlou m perceut. — — — . ^-n-i — t-t -, — i—, — ; .■ — jr— X 100. 

* '^ rated full-load terminal electromotive force 

This direct determination of regulation by observation is not 
feasible with large machines, on account of the large amount of 

• Hee article 4'J. 
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power required. In all practical testing the regulation may be 
determined indirectly by calculation as follows: 

When the alteniHtxtr is ofterating at full load, the total electromotive 
force induced in the annature exceeds the terminal electromotive force by 
the amount lost in oveccomlng armature resistance, and by the amount 
lost In overcoming the synchronous reactance* of the armature. 



Ix^t E lie the total induced electromotive force in the arma- 
ture of an alternator, E^ the terminal electromotive force at fall 
load, lil the electromotive force lost in overcoming armature resist- 

• See article ^l. 
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unci!, and XI the olfc-tro motive forw lost in overt'oiuiiifr tlie syn- 
clirouoiis reactantt' of tlio arniiiturf. The elect roitiotivo force 
required to produce tlio current I ihroiigli the Bborl- circuited 
annatiire may bo found from the "sjncbroiioua inipedant-e curve" 
(Kig. 1(51) hj takitif^ the ordinate corresponding to tiie value of I 
(abscissa). The electromotive force bo found is nearly e<iual to XI 
on account of the relative smallness of armature resistance, and 



Fig. 166. 
especially on account of the fact that lil and XI are at right 
angles to each otber. In other words, the synclironons impedance 
is in most practical cases approximately equal to the synchronous 
reactance. 

Therefore the electromotive force found from the synchronous 
impedance curve may be taken as the value of XI. 

Kiiowiug the electromotive force lost in overcoming tiieEyuL-lironous 
reactance, we ciin Diul fnirii (lie saturation curve the amount of lield 
excitatiuu (abscissa) reijuirevi tii|iro(lucetlitseleclroniolivcfore(.' {ordinate). 
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Tills Held excitation is represeutad by the liue OJt, Fig. ]4i7. Take from 
the Hfttiiratloti curve the field excitation corresponding tu rated terminal 
voltage al full load, and represent it by the line UA, Fig. IGT. Next llnd 
the geometric sum, Of, of 0.\ and OR. This OC represents the field 
excitation re(|uired at full loud to produce rated terminal electromotive 
force. The electromotive force produced by this excitation at aero load 
may be taken from the eatiiration curve. The dlfTerence between the 
rated electromotive force of the alternator and the electromotive force so 
found, is the rise of clectroniutive force from full load tu xeru load ; and 
this rise divided by the rated electromotive force and multiplied by 100 
gives th« regulation of the alternator in per cent. 

The diagram, Fig. 1B7, applieH to a non-tuductive receiving circuit. 
When the receiving circuit is inductive, the angle BUA, Fig. 117, should 
be no - 0, in which $ is the angle of lag of the current behind the electro- 
motive force at the terminals of the alternator. The cosine of this angle 
Is the power factor of the receiving circuit. 

Tlie alx)ve rule for calculating regulation is nmcli used in 
practice, and is recommended by 

tlie Committee on Standard iza- gi 

tion of the American IiiBtitnte 

of Electrical Engineers; but tbe , 

rule is open to criticism. *^ 

]'^.ri(iiij>h. The synchronous * 

impedance and saturation curves Fig. Mil. 

shown in Figs. IGl and 157 are 

taken from testa upon a A-connected three-phase 2,000-K,W. 16- 
pole 2,0(H)-volt revolving-tield alternator having a sptwd of 300 
r.p.ni. The full-load armature cnrrent ia 57t) amperes j)er phase. 
The armature resistance per phase is 0.00!I23'J olims. Hence the 
III drop in the arnmtHre = (57f> X 0.009281)) r= 5.3 volta. 
E, = 2,000; Et + lU = 2,000 + 5.3 == 2005.3 volts. 

From the saturation curve, Fig. 157, we tind that it reijuires 
83.5 amperes in the field winding to generate this 2,005.3 volts at 
no load. This represents tbe component OA in Fig. Ifi7. From 
the ByncbronoHS impedance curve. Fig. Itil, we find that 1,137 
volts in the armature are required to force the full-load current of 
57(i amperes yer phase through the armature. From the satura- 
tion curve we find that 1,137 volts correspond to 43 amperes in 
the field winding. The component OB in Fig. 107 is therefore 
43 amperes. The full-load field current 

OC =\ OA- -i 013- = I' 43^ -f "83:5- = «3.Samper,^. 
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Tills lield current would produce at zero load an electromotive 

force of 2,l(Sy volts, as showo by the saturution curve. Theivfore, 

according to the definitiou of regulation, as previously explained, 

we have: 

2,it»i> - 2 000 Hiit 

Kegulation - -^, ^^ X 100 = :j-^^ X 100^8.45 per ceut. 

If the regulation had been desired at a jwwer factor other 
than unity (for instance, at 85 per cent power factor), the field 
current OB, Fig. Hi7, would not be taken at right angles to 
OA to find the resultant field current OC at full load, but the 
Jingle BOA would be decreased by the angle whose cosine is 
0.85, or by 31.75'. The resultant field current OC is represented 
as before, by the diagonal of the parallelogram; but it is no longer 
equal to the square i-oot of the sum of the squares of OA and OB. 
The calculation of the regulation in case of 85 per cent power 
factor is 88 follows: 

The augle BOA, Klg. 1«7, now Is 58.25', ami 
0C= = O A" + OB' + 2 ()A OB Coa. M.25°, 
wbeuceOC = 112 amperes. 

By referriug to the saturation curve we Hud that a full-load field current 
ufli:i amperes would produce ::,8T5 volts at uo load. Hence the regula- 
tion at 85 per cent power factor Is: 

■2.S7?, - 2,000 „ „„ S7; 



100 = ~''l- X I'M) = 18.70 per ceut. 



2,000 

This example illustrates the general fact ex])lained in article 42, 
that the electromotive force at the terminals of an alternator auffers 
a greater decrease in value on an inductive load (j)ower factor less 
than unity) than on a non-inductive load (power factor unity) for 
the same current output. 

Fig. 159 shows the regulation curves of a two-phase liJS- 
kilowatt 2,400.volt GO-cycle S. K. C. inductor alternator. The 
lower regulation curve sliowd the regulation of the alternator at 
100 per cent power factor {that is, on non-inductive load); and the 
upper regulation curve shows the regulation of the alternator at 
70 per cent power factor. The abscissa of a given point on one of 
these regulation curves represents a given current output per 
phase of tlie machine; and the ordinate of the point represents the 
voltage obtniiieil at the armature terniiuals when this armature 
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current is rediiee<l to zito, tlie field current being kept constant at 
that value which gives the rated voltage of 2.400 volts with the 
given current output per phase. 

For example, with full-load current output, namely 28.1 am- 
peres ])er phase and KH) per cent [H>wer factor, the voltage rises 
from 2,400 to 2,*i25 {thv ordinate of tlie regulation curve for 100 
per cent power factor corresponding to the ahscissa representing 
28.1 amperes of armature current) when the load is thrown off 
(armature cnri-eut reduced to zero) the field current remaining un- 
changed. From tbese data the full load regulation of the machine 
on lOOpi'r cent power factor is found to lie: 

^■* X H)0 ^ i).4 i»er cent. 

With half-load current output, namely 14.05 amjieres per 
phase, and 70 per cent power factor, the voltage rises from 2,400 
to 2,050 when tlie load is thrown off, the field current remaining 
unchanged. From these data the half-load regulation of the ma- 
chine at 70 jn-r cent power factor is found to be: 



2 AW 



100 ^ 10.4 pr 



These curves show that the regulation of the machine is higher on 
inductive loads than on non-inductive loads, as was explained in 
article 42. 

The following are the recommendations of the American 
Institute of Electrical Kngineers concerning the regulation of 
alternators and their prime movers. 

"(50 1 The term 'regulation' should have the same meaning as the 
term 'iuherent ret^ulatiun ', at present fre(|uenlly used. 

"(51) The regulation of ajiparatus intended for the generation of 
constant potential, constant current, coustant speed, etc., is to be measured 
by the maximum variation of potential, current, speed, etc., occurring 
within the range from full load to no load, under such constant conditions 
of operation as give the required full-load values, the condition of full 
load being considered in all cases as the normal condition of operation. 

"(oH) The regulation is K'^eu in percentage of the full-load value 
of potential, current, speed, etc.; and the apparatus should be steadily 
operated during the test under the same couditiuiis as at full load. 

"(.>!) The r<;gulatiou of generators Is to be determineil at constant 
speed ; of alternating apparatus, at coiiHtaiit Inipressetl frefiuenvy. 
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"(<>>) Tbe regulation of a Reuerator-uiilt, consiHtiii); of a generator 
united wtlti a prime mover, Bbould be determined at ciiiiHlaut cuiiditiuiis 
of tbe prime uiuver, i.e., cuuxtant Bteaiu pressure, bead, etc. It would 
iiicl ude tbe Inbercnt speed varialioiis of the prime iDover. For th)a reason 
tbe regulation of a generator-unit is to be distlDguiehed from the regula- 
tion either of the prime mover, or of the generator contained in it, when 
taben separately. 

"(58) In apparatus generating, trausfonnlug, or transmitting alter- 
nating cnrreuts, regulation should tie uuderxtuod to refer to non-inductive 
load, i.e., to a load in which the current Is lu phase with tbe e.m.f. at the 
output side of tbe apparatus, except where expressly specilied otherwise. 

"(57) In alternating apparatus receiving electric power, regulation 
should refer to a sine wave of e.m.f., except where espressly specified 

"(nS) Ii) commutatlug machines, rectifying macbines, and syn- 
chrouiiJs machines, as direct-current generatunt and luotorH, alternating- 
current and polyphase generator)!, tbe regulation in to be determined 
under the following eonditluns : 

<T. At coustant excitation in separately excited Helds ; 

^. With constant resistance in sbuut Held circuits ; and 

[-. With constant resistance shunting series fields ; i. v., the lield 
adjustment should remain constant, and should be so chosen as to give 
the required full-load voltage at full-load current. 

"(59) In constant- potential iiiacblnes, the regulation is tlie ratio of 
the maximum difference of termiual voltage from the rated Aill-load 
value (occurring witbiu the range from full load to opeu circuit) to the 
full-load termiual voltage. 

"(60) lu coiistaut-current apparatus, tbe regulation is the ratio of 
the maximum dilference of current from tbe rated fuii-load value (occur- 
ring within the range from full load to short circuit, or minimum limit of 
operation) to tbe full-load current at constant speed, or, hi transformers, 
etc., at coustant impressed voltage and freijuency. 

"(1)8) In steam engines, tbe regulation is the ratio of tbe maximum 
variation of speed in passing from full load to uu load (at constant steam 
pressure at tbe throttle) to tbe full-load speed. 

"(•ill) In a turbine or other water-motor, tlie regulation is tbe ratio 
of the maximum variation of spee<l from full load to no load (at constant 
bead of water, t.e., at constant difference of level between tail race and 
bead race) to the full-load speed". 

65. Heat Test, Tho Leat test ia made by riuiiiing the gtsn- 
erator under full-load conditions until a constant tem|)ei^t»re Las 
been readied. Wlien this condition has been attained the iiiacLine 
is shut down, and the temperature of the various parts is taken 
by thermoTuetere placed against the heated surfaces. The resist- 
ances of the armature and field windings are also measured while 
hot. By comparing these " hot " resistances with the same resist- 
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SQces previously measured at room temperature, the temperature 
riBe of the armature and field coils can be computed. The tern- 
peraturi'B usually recorded are as follows: 

Armature coils. Field coils. 

" iautiuatlons. Pole tip (leadiug). 

'< veutilatlug ducts. " " (tTalliiig). 

Frame. Field yoke. 

Beariugs. Room. 

Small generators are usually run at full load, delivering their 
output to water rheostats. During the heat run, thennoiiieters, 
placed on different [>arts of the machine, are read regularly. If 
the generator is of the revolving-armature type, a thermometer is 
plactHl against the Held winding, and another thermometer is so 
placed that the hot air issuing from the ventilating ducts will 
come in contact with it. If the generator be of the revolving-field 
type, thermometers are placed against the armature coil, on the 
armature laminations, and in the ventilating ducts. When these 
thermometers do not show an increasing temperature, and the 
resistance of the field, as determined from the field ammeter and 
voltmeter, has become constant, the machine is considered as 
having attained its ultimate temperature, and is shut down for the 
application of thermometers. These thermometers should be 
ready for immediate application, inasmuch as the machine cools 
off rapidly. The time taken by a machine to reach constant tem- 
perature varies from 3 to 4 hours in the case of a small machine, 
and from 12 to 24: hours for very la?^ ones. 

The following maximum values of temperature elevation have 
Iwen recommended by the Standardization Committee of the 
American Institute of Electrical Kngineers: 

Field and armature, 50 '(' by resistance. 
Collector rings and brushes, 55' C by tiiermometer. 
Beariugs and otiier parts of macliiue, 40^' by thermometer. 

The rise of temperature should be referred to the standard 
conditions of a room -temperature of 25'C, a barometric pressure 
of 760 mm., and normal conditions of ventilation; that is, the 
apparatus under test should neither be exposed to draft, nor 
enclosed, except where expressly specified. 
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If the room-temperature during tlie test difTera from 25°0, 
the observed rise of tem|)erature should be corrected by A per ceni 
for each degree C, Thus, with & room temperature of SS^C, the 
observed rise of temperature hfts to be decreased by 5 per cent 
and with a room -temperature of 15 C, the observed rise of tem- 
perature haa to be increased by 5 per cent. The thermometer 
dicating the room-tem[>urature should be screened from thermal 
radiation emitted by heated bodies or from drafts of air. When it is 
impracticable to secure normal conditions of ventilation on account 
of an adjacent engine, or other sources of heat, the thennometer 
for measuring theair.teiiij[)eratHre should be placed so as to fairly 
indicate the temperature which the machine would have if it were 
idle, in order that the rise of temperature determined shall be that 
caused by the operation of the machine. 

The temperature should l)e measured after a run of sufficient 
duration to reach practical constancy. This is usually from Q to 
18 hours, according to the size and construction of the apparatus. 
It is permissible, however, to shorten the time of the test by run- 
ning a lesser time on an overload in current and voltage, then 
reducing the load to normal, and maintaining it thus until the 
temperature has become constant. 

In making a heat test of a large alternator it is customary to 
imitate full-load conditions, electrically and magnetically, so as to 
produce all the heating effects that would occur under actual full load, 
but without taking any actual electrical power from the alternator. 
To be able to do this is of great advantage from two standpoints: 
first, that of convenience; and, second, that of economy. To 
accomplish this desirable result the generator is usually run on 
short circuit with a number of the field spools connected in oppo- 
sition to {or " bucked " against) the remainder; ur, in other words, 
with the effective number of poles reduced. 

To determine the proper number of field magnet sjKKtla to be 
connected in opposition, we proceed in the following manner: 

It was previously explained that from the saturation and syn- 
chronous impedance curves of a generator, we cau determine the 
field current required to produce rated voltage at full load. In 
the case of the 2,000-K,W. generator, of which the curves are 
given in Figs. 157 and 101, the normal full-load tield current was 
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found to be 03.8 amperes. Tliis tield current would, if the armature 
were aliort-circuited, produce, according to Fig. Ifil, an armature 
current of more than 1,050 amjwres, which ia greatly in excess of 
rated full-load current. If the field current were reduced to 43 
amperes, the annatnre current would be normal; but the field cur- 
rent, and therefore the magnetic density in the field magnet and 
annatun> core, and the consequent iron losses in the armature, 
would l)e very much below normal. 

In this example we may reduce the excessive current in the 
short-circuited armature to its normal full-load value by reducing 
the effective number of field poles in the ratio of S)S.H to 43 
instead o! by reducing the field current in this ratio. Tlie alter- 
nator has l'> field [Ktles, and to reduce their number in the ratio of 

03.8 to 43, would leave — ^-j-- — :^ 7.34 poles; but inaamuch as 

there must be an integral and even number of field poles, the closest 
approximation to the desired number is 8 effective poles. If, 
therefore, we reverse the connections of any four (adjacent) field 
coils, the four poles produced by these reversed field coils will be 
reversed in polarity; and the electromotive forces induced in the 
armature conductors under these reversed polea will be reversed, 
and will balance the electromotive forces induced in the armature 
conductors under four of the unreversed field polea, so that the 
electromotive forces induced in the armature conductors under 
the remaining eight poles, only, will be effective in producing 
current in the annature. That is, only eight field polea will be 
effective. 

If, under these conditions, we short-circuit the armature of 
the alternator, it will take approximately the full-load field cur- 
rent of 03.8 amperes to produce full-load current in the armature, 
and the heat teat can then be made under full. load conditions — 
namely, full-load armature current, full-load field current, and 
full-load iron losses, while the machine is running on short cir- 
cuit, and therefore delivering no power. Only the power repre- 
sented by the losses occni-ring in the machine, need be supplied to 
drive it. This is the method used in practice. If the normal 
field current does not give normal armature current, after the 
spools are connected in opposition as described, the effect o! a 
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sjight excess of armature current may he approximately balaoced 
by a slight doticieiicy of field current, or vice versa. 

66. Core Loss and Friction Test. For this test the genera- 
tor is nin at normal speed on 0|)eii circuit. The jwwt-r required 
to drive it, its field current being zero, is tiieasurLil. The power 
so measured is the power lost in friction and windage. Then the 
field current is increased, step by step, until the terminal electro- 
motive force lias increased to from 23 to 50 j)er cent above its 
normal rated fnll-load value ; the terminal voltage is obaferved at 
each step, the armature being on open circuit (main switch ojienV 
The power required to drive the machine at each of these observed 
voltages is determine<l. This power is nsed to supply friction and 
windage loss and iron {or core) loss at the observed voltage. 

The difference, therefore, between the power re<piired to drive 
the machine at a given volt- 
age on o[>en circuit, and the 
amount of power required to 
drive the machine without 
field excitation (tliat is, to sup- 
ply tlie friction and windage 
loss) represents the iron loss 
{or core loss) at the given 
voltage. Fig. 108 shows the 
no-load core loss curve for 
the 2,01)0-K.W. alternator of 
which the saturation curve 
and the synchronous im^Ri- 
danee curve are given in Figs. 157 and 101. 

The most convenient way to mejisure the ]>ower delivered to 
the alleriiator is to drive it by a motor and iiu-asure the electricid 
input tu the motor. If ne determine the lustres occurring in the 
motor the difference between tbo input to the motor and these 
losses is the power deliverini to the alternator. Fig. lO'.l shows a 
diagiam of complete connections for the carrying out of the core 
loss test. A is the alternator under test. Its voltage ia measured 
by the voltmeter V, connected to the secondary of the potential 
transformer T. Its field current, Bup[)Hed by the exciter E, is 
uieasurtK) by the ammeter A, and regulated by the resiatanco Re 
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in tliu field of the exciter. The ])ower is supplied to the motor 
M by the direut-eiirreut generator G. This power is measured by 
the ammeter A, and the voltmeter V^, The motor M is separately 
excited, its field current being measured by the ammeter A,. This 
field current is kept constant by adjusting the rheostat Rf- 

As the field current and voltage of the generator under test 
are iiicrease<l, the load on tlie driving motor M is increased also, 
since the liysteresis and eddy current loss in the generator, whicii 
must be supplied by the motor, are increased. As the load on the 




+ 



c£g El 



To ovts/e/e source 
of direct current 

Fig. 169. 
motor increases, it will slow down if its field current, and the 
voltage between its brushes, remain constant. However, the 
alternator to be tested must he run at constant sjM^ed, and its speed 
is controlled by varying the voltage at the motor terminals by 
means of the field rheostat R^ of the direct-current generator G. 
In the figure the field rheostat Mq of the generator 0, is shown 
beside the alternator A. It is placed at this point so that the 
man who is observing the sjteed of the alternator can keep the 
speed under control. 

The input to the motor armature in watts is equal to the 
product of the i-eadings V.^ and A^. Part of tiiis input is consumed 
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ia supplying the various losses in tim motor arinttture, includiog 
frictioD and windage; and the remainder is converted into useful 
mechanical power, and is transmitted by the belt (not shown iu 
Fig. lOy) to the pulley of the alternator A, which is being tested. 
In other words the watts input to A is equal to the input to the 
armature of M minus tlie various losses in the armature of M. 
The losses in the armature of M consist of hysterecis, eddy current, 
friction, windage and PR losses. Since tlie alternator is to be run 
at constant sjw.'ed, the motor will also run at constant ei>ecd if there 
is no belt slip, which should be the case; and si nee the motor runs at 
constant speed and at a constant tield excitation, all the losses iu the 
motor armature will be constant in value, whatever its load, except 
the PR loss. This PR loss varies because the current I varies for 
different loads on the motor. If the speed of the motor were rew. 
ulated by varying its field current, instead of varying the voltage 
applied at its terminals, the above-mentioned losses in the motor 
annature would not remain constant; hence the latter method is 
adopted. 

If the motor bo run free, i.r., with belt off, the output of the 
motor will be zero, and therefore the input must he used up en- 
tirely in overo«niing the losses. Ijut E be the voltage at motor 
brushes, and I the current in the motor armature when it is run- 
ning free (or unloaded), then EI == stray power + RP, where 
"stray power" equals the sum of all the constant losses in the 
motor armature (».t'., hysteresis, eddy current, friction, and 
windage losses). Hence, stray power ^^ EI — IIP. 

The mechanical or useful output of the motor at a given load, 
the voltage applied to its brushes l)etng E,, and its armature cur- 
rent Ikting I„ is: 

Output = E,I[ - R,l/ - stray power. 

That is, the niechanieal output Is ecpial to the total electrical input 
minus the total losses. 

The stray power can be determined once for all by running 
the motor free (or at no load) at the speed and with the tield cur- 
ivnt used in the test when E and I were observed. Thus, we may 
determine the power required todrive A (the machine to be tested) 
with zero field excitation of A, in which case we obtain its fric- 
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tion and windnge losses; and wu may determine the power re- 
qnired todrive Aat any given field excitation and voltage, in which 
case we obtain the snm of the friction, windage, and core (or ironj 
losses. 

In carrying ont the test the following procedure is found 
most convenient: 

FirBt, tlie motor is made to drive the alternator with stero field cu> 
rent la tbe latter; and a uuiuber of observations are taken, as Indicated in 
the tabular arrangement t>eluw. Tbls Is to detenulue tbe rrictiou and 
wluilage loss urtbe alteniatur. Tben tbe alternator is excited to produce 
a series or values or terminal voltage, fur each of which a sliuilaf set of 
obBei%'at Ions is taken ; and soon, until thevo]ta);eortlieaIteniBtor has been 
increased to about 25 per cent above uonnal rated vcltage. The motor la 
now shut down and its belt tbrown off, and It Is run unloaded In order to 
detenniue its own stray-power loaaes. Finally tbe motor Is shut down, 
and the reslistauce uf Its armature is measured. 

For eacb set of readings tbe fullowtng observations sbould be re- 
corded: 

ftfOTOH. Altebmator. 



Volts at Amperes in Amperes! Bpeed. 
Hruslies. | Armature. | in Held. | 



The amperes in the Held of the motor, and the speed of the motor 
and generator are recorded merely to show wbetber tbey have been kept 
coiistaut (luring tbe test. For the tiest results tbe motor should have a 
rated capacity of from 15 to 20 per cent of tbe rated capacity of the machine 
to be tested. 

Example. In a core loss test of the 2,000- kilowatt alterna- 
tor above referred to, the following observations were taken : With 
zero tield excitation of the alternator, the voltage applied to the 
motor armature and the cnrrent in the motor armature were 510 
volts and 48 anijieres reajxjctively. When the alternator was 
excited to give 2,070 volts between its terminals, the volts 
applied to, and the current in, the motor armature were 511 
volts and 117 amperes respectively. With the motor running un- 
loaded the voltage applied to, and the cnrrent in, the motor arm- 
atare were 500 volts and 11.5 amperes respectively. The reBJBtance 
of the armature of the motor was 0.050 ohm. 

(fj) The stray-power loss of tlie driving motor is calcniated 
from the readings taken above when the motor was running un- 
loaded, as follows: 
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Motur iuput was 509 vulta x ll-<^ amperes = 6,8-^ watta. Itut by 
deflnltfou, stray power = EI - RI*. Heuce, stray power = 5,853 - 0.058 
X tll.6)' = 5,»« watta. 

(b) The friction and windngt* luas of the Alternator is tben 
calculated as follows: 

Power BUpplled tu motor wheu drlvii))^ alternator at full speed with 
zero field excltatlou waa 510 volts x 48 ain|ieres = 24,480 watta; and tlie 
useful output of the motor or the )H>wer used to drive the alternator waa 
the power Input to tbe motor minus stray-power loss and minus I>B loss 
In Its armature. Therefore, 

Frjetiou and wludat^e loaa of alteruator = 24,480 -S,S4(i- (48)1x0.056 
= 18,505 watts. 

(r) The core (or iron ) loss of tlie alternator is then calcu- 
lated as follows: 

Power supplied to motor when driving the alternator at full speed, 
field excited to give 2,070 volts t>etween alternator termluals, was 511 volts 
X 117 amperea = 59,787 watts. The uaeful output of tbe motor in this 
case was 69,787 watts - 6,646 iwatta - (117)' x 0.056 = 58,175 watU; and 
this la equal to the auiu of friction and windage loss ana iron loss. 
Therefore, 

Core loss of tbe alteruator = 63,176 - 18,506 - 34,670 watta. 

The core !obb of the alternator was calculated for em-h value 
of the Held excitation of the alternator in a manner similar to the 
above. Tliese various core losses are plotted as ordinates of the 
curve in Fig. 108, the abscissas being the electromotive forces be- 
tween alternator terminals corresponding to the various field ex- 
citations. This curve shows that at the rated full-load voltage, 
namely. 2,000 volts, the core loss of the alternator is H0.<3 kilowatts 
or 1.023 jwr cent of the rated full-load output of the alternator. 

67. Calculation of Efficiency. Since the etticiency of an 
alternator is the ratio of the output to the output plus the losses, 
as explained in firtiele OtI, we may now calculate the etticiency of 
the alternator, having made all necessary teste. In the case of the 
2,000-K.AV. alternator referred to above, for which the curves 
have been given, the following losses occur: 

[(() J^r/'ct/'on anil Wtnihifje Limx, This loss was found to 
be 18,500 watts. 

(/() PR Lorn ill. Animfiire iit Full L-kuJ. Tlie resistance 
of each phase of the armature winding of the given alternator was 
measui-ed and found to he 0.0()<<I2-1 ohm, and the full-load rated 
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cnrrent ie STO aiuperee per phase. Therefore the I'R loss per 
phase is 

(570)^ X 0.00921 = 3,0(iu watts. 
Hence the total PH loss for all three phases is 

3 X 3,0(55 watts = 9,195 watts. 
(<■) I'll Loss ill the FidiJ. The resistance of the field 
winding of the given alternator is O.DGO ohm, and the full-load 
field corrent is 03.8 anipercB. Hence I'R loss in the field is 8,500 
watts. 

(iT) Com Losx. The core loss on open circuit at fuU-load 
excitation was found to he 30,500 watts. This is somewhat less 
than the core loss would be with full-load excitation and with full- 
load armature current. 

Therefore the sum of all the losses is: 

Friction and windage 18,505 
I'K loss in armature 9,105 
PR loss in the field 8,500 
Core loss 30.500 

(iti,700 watts. 
The rated full-load output being 2,000 kilowatts, we have ; 

o Aon noo 

Efficiency at full load = -^l^^^^jj^^^ = 0.9fi8 

= 96.8 pr cent. 

If the efiiciency at any fractional part of full load is desired, 
it may be calculated as follows: 

\ rated full-load output 
A rated full-load output -f* losses at half load' 

(a) Friction and windage loss is approximately the same at 
half load as at foil load. 

(h) PR loss in the armature is one fourth as great as at full 
load since the armature current is half as great. 

{!■) PR loss in the field is slightly less at half load than at 
full load, inasmuch as field current is slightly less. 

{<l) Core loss at half load is slightly less than core loss at 
full load. 
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Fig. 151) eliowa the efficiency turvo of a two-phase 135-kilo- 
watt 2,400-volt GO-cycle S.K.C. inductor alternator. The ordi- 
nates of this efficiency curve represent the efficiencies of this 
alternator corresponding to different current outputs per phase, 
the latter lieing plotted as abscissas. The efficiencies shown by 
this curve apply to the machine when it delivers |)ower to non- 
inductive receiving circuits (100 per cent power factor) When 
the power factor is less than 100 per cent, the efficiencies are less 
than the efficiencies shown by the eiirve. 

At full-load current output of 28,1 amperes per phase and 
100 per cent power factor, the efficiency as represented by the 
ordinate of the curve is 93 per cent. At half-load current output 
of 14.05 amperes per phase, the efficiency is OOJ per cent. At full 
load the several losses in this machine are as follows: 

(t!) Friction and window loss (obtained by experiment), 
2,000 watts. 

(J) PR loss in the armature (calcnlated from hot resistance 
of armature 1.40 ohm. per phase, and full-load armature current 
28.1 amperes per phase) is: 

2 X (28.1)' X 1.46 = 2,805 watts. 
((') VR loss in the field (calculated from hot resistance of 
field coil 9.35 ohms, and fulMoad field current 8.8 amperes) is: 
9.35 X (8.8)' = 724 watts. 
{d) Core loss (determined by experiment using the method 
described in article 60), 5,000 watts. 
The total loss is therefore: 

Friction and windage loss, 2,000 watts 
PR loss in armature, 2,305 " 

I'R loss in field, 724 " 

Core loss, 5,000 " 

Total loss, 10,029 watts. 
Therefore the efficiency at full load is 
18 5,000 _ 

185;OOU -H 10.029 ~ '* ^' *'''"*■ 
68. Determination of Electromotive Force Waves. The 
electromotive force wave of an alternator is determined by actually 
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meaenring the auccessiv© instantaaeoiiB values of the electromotive 
force. For this purpose an instantaneous-coutact device, called a 
contact-maker is used to connect the alternator terminals repeat- 
edly to the terminals of a voltmeter, successive contacts occurring 
at corresponding instants in succeeding cycles. The voltmeter is 
steady because of the frequency of the contacts and it indicates the 
value of the electromotive force at a particular part of the cycle. 
The contact device is then adjusted to make successive contacts at 
a later instant in each cycle, and the voltmeter is again read; and so 
on. The voltmeter must be one which takes little or no current, 
such as an electrostatic voltmeter; and a condenser should be con- 



E3=[= 




Fig. 170. Fig. 171, 

nected to the voltmeter terminals (in parallel with the voltmeter) 
in order that enongh current may flow into the condenser at each 
contact to keep the voltage between the voltmeter terminals up to 
nearly its full value daring the intervals between contacts. If the 
condenser is not used, the voltmeter readings are likely to be too low. 
A side view of a water- jet contact-maker is shown in Fig. 
170, and an end view is shown in Fig. 171. The latter figure also 
shows in dott^ outline three adjacent poles of the field magnet of 
^the alternator to which the contact- maker is attached. A disc DD, 
is fixed to a spindle which is rigidly coupled to, but insulated 
from, the shaft of the alternator A. This disc carries a pin p, 
which makes momentary contact, once ])er revolution, with a fine 
jet of salt water issuing from a nozzle i>. This nozzle is carried 
on an arm r/, which is loose on the spindle and can be placed iu 
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any dt'sinKl j)OBitioii and clamped by iiieane of tlm screw A, its 
position being read off tlie divided circle re Tlie collecting rings 
and brushes of the alternator are shown diagrainmatically at A. 
One terminal of an electrostatic voltmeter Q is connected directly 
to one brnsh of the alternator A; while the other terminal of tlie 
voltmeter is connected through the jet, pin, and sliding contact s, 
to the other brush of the alternator, aa shown in Fig. 170. The 
voltmeter then indicates the value of the electromotive force of the 
alternator at the instant of contact of jet and pin. By shifting 
the jet, step by step, around the circle, values of the electromotive 
force at successive instants during a cycle are indicated hy the read- 
ing of the voltmeter Tlie eK'ctroTiiotive 
force passes through a complete cycle of 

values while the jet is shifted — of arevo- 

J> 
lution, j} being the number of poles 
of the alternator. In order that the 
electromotive force acting u|>on the elec- 
trostatic voltmeter may not fall off 
appreciably in the intervals l>etweea 
successive contacts of pin and jet, a 
condenser J is connected as showu in 
Fig. 170. 
In the determination of an alternating-current curve, the cur- 
rent is sent through a non-inductive resistance, aslt, Fig 17:i; and 
the curve of the electromotive force between the teniiinals of this 
resistance is determined as before, the disc DD being fixed to the 
armature shaft of the alternator that is furnishing the current. 
The current at each instant is equal to the electromotive force 
divided by R. 

A flat metal spring or brush is sometimes used instead of the 
liquid jet in Fig, 170. In this case the pin j) is replaced by a 
strip of metal set in the edge of a circular disc of hard rubber, 
and the spring rubs continuously upon the edge of this disc, touch- 
ing the metal strip momentarily once per revolution of the disc 

Fig. 173 is a curve showing the successive instantaneous 
values of the electromotive force of a ;t5-kilowatt llJo-cycIe single- 
phase alternator, aa determined by a contact-maker. The highest 




Fig. 172. 
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point (1,400 Tolts) is givon wlieru tlie conductors are passing 
through the most intense portion of the field. The flat top of the 
curve shows that the magnetic intensity was nearly uniform over 
s lai-ge portion of the pole face. The curve crosses the axis (elec- 
tromotive force equals zero) in the neutral plane between two 
[(oles. Tiie curve shows one cttmplete cycle, that is, it shows the 
instantaneous values of the el«;tromotive force in one conductor 
while passing one pair of poles. 
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Fig. 178. 

The effective value of the electromotive force of the alternator, 
as indicated by a voltmeter connected to the alternator terminals 
during the olMervations with the con tact -maker, was found to be 
1,000 volts; and this is the square root of the average value of the 
stjnares of the successive values as observed by means of the con- 
tact-maker. 

SYNCHRONOUS MOTORS. 

69. Syndironous riotors and Induction Motors. Motors 
designed to be operated with alternating currents may be divided 
into two classes: 

1, Synchronous Motors. 

2, Induction Motors. 

Both kinds are in common use; and, although there are a few 
other motors which do not cojne undt-r the above classitication, yet 
by far the larger part of all the motors run with alternating cur- 
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rents belong to one or the other of these clasees. The induction 
motor having properties which adapt it to a much wider field of 
application than is possible with the synchronous motor, is much 
the more commonly used. The induction motor is treated subse- 
quently. 

70. The 5yndin»ious Motor. When a given armature con- 
ductor of an alternating-current generator is under a north pole of 
the field magnet, the current in the conductor is in a direction 
such that the force which the field exerts on the wire opposes the 
motion of the armature. When the given conductor has moved 
sufficiently to be under a south pole of the lieM mt^net, the cur- 
rent will have reversed in direction, and the force which the field 
exerts on the wire will still oppose the motion of the armature. 
The work done in driving the armature against these opposing 
electromagnetic forces, is the work that goes to maintain the alter- 
Dating current delivered by the alternator. 

Consider an alternator driven by a small engine or auxiliary 
motor. Let an alternating current from an outside source be 
forced through the revolving armature of the alternator, the field 
magnet of which is supplied with a direct current from an exciter. 
Then the motion of the revolving armature will be helped by the 
alternating current if the following conditions are satisfied: 

(a) If the speed of the armature le such that a t^veu armature con- 
ductor moves from the middle of a north pule tu the middle of a south pole 
during the time of one alternation (half a cycle) of the supplied alternat- 
ing current. 

(6) If the directiou of the supplied altematlug current, when the 
given conductor is under a nurth pule, is such that the force exerted upon 
the conductor by the fleld helps the motiuu of the armature. 

This is evident when we consider that the current reverBoa 
every time the given conductor passes from one field pole to the 
next, and that this reversed current will l>e acted upon by the re- 
versed polarity of the next pole with a force always in the direc- 
tion of the motion. 

When the alternator speed has been carefully adjusted so that 
the conditions a and h are satistied, the driving engine or auxiliary 
motor may Iw disconnected; the armature of the alternator will 
continue to revolve at constant speed (the fri^quency of the sup- 
plied alternating current being constant), and the revolving arma- 
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tore may deliver power by belt to drive macbinery. An alternator 
used in tbiB way is called a synchronous motor. 

Any alternator may be uaed as a syncbronons motor witbont 
alteration of any kind. Electrically and mecbanically, tb© eyn- 
chronons motor is the same as the alteinating-cnrrent generator. 
In fact tbe same machine is often used indifferently as motor or 
generator according to circnmstances. Composite field winding is 
never provided on an alternator which is to be Tised as a synchron- 
otis motor. 

Syncbronons motors may be designed to operate either on 
Eingle-pbase or polyphase systems, and are called syncbronons be- 
cause they always run in synebroniem with {i..e., at the same fre- 
quency as) the alternator supplying tbe current to them. The 
speed of the motor cannot change unless the speed of the generator 
changes; but it is not necessarily the same speed as that of the gen- 
erator. Tbe speed of the motor will be the same as tbe speed of 
the generator only when the motor happens to have tbe same nnm- 
ber of poles as tbe generator. The speed at which a syncbronons 
motor will run when connected to an alternator supplying current 
at a frequency^', is 

^ ^ 2 X / X 'i O^ 
}> 
where 8 = speed of the motor in revolutions per minute', 
y = frequency of the alternating-current supply; 
j> — namber of polee on tbe motor field. 
For example, if a 10-pole motor were run from a tiO-cycle alterna- 
tor, the speed of the motor would be 

Moreover, it follows tlmt if the motor had the same number of 
poles as the alternator, the speed of the motor would be just tbe 
same as tbe speed of the alternator, and any variation in tbe speed 
of the latter would cause a corresponding change in the speed of 
tbe motor; or if tbe motor had half as many poles as tbe generator 
its Bjksed would be double that of the latter, and any change in the 
speed of the generator would cause a proportional change in that 
of the motor; iu other words, the cyclic speeds muFt be tbe same. 
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The Bynchronons motor, especially in nnits of large output, 
poaeeBses a nutnlwr of features which make its use at tiuies prefer- 
able to that of the induction motor. Its advantages may be briefly 
Bummed up as follows: 

(n) UiivaryinK speed at all loads. 

(b) Power factor, variable at will by cbauge of the exdtluK current, 
can be made approximately unity at any load. 

(c) The current lu the armature can be made to lead tbe electro- 
motive force by over-excitlug the Held magnettt, tbuii producing tbe same 
eflect as a large condenser. The leading current !□ tbe armature can be 
uaed to neutralize the unfavorable eflecls of Inductance (which causes lag- 
ging curreutH) in other parts of the system. 

id) The synchronous motor la cheaper to build, especially at low 
speeds, than the Induction motor. 

(e) Its efficiency la generally bigber than that of tbe Induction 
motor. 

{/) It is specially adapted to blgb-voUage winding. 

The synchronous motor, on the other hand, has si^vertil dis- 
advantages, as follows; 

{(i) It is not adapted to work reciuiring variable speed, as no Inde- 
pendent speed regulation is possible. 

{b) It bas small starting tortjue; hence it is not suitable for work 
requiring large starting tor<|ue, or freijueut starting of the load. 

(c) It has a tendency to "hunt". 

Id) It requires an exciting current wblch must be supplied by an 
outside source. 

(e) It requires the most sitillful and lutelligeut attention. 

A full comparison of the relative advantages of the syuchron- . 
ous motor and the induction motor is given latter under the head- 
ing "Induction Motor", 

Synchronous motors are used where power is required in large 
amounts, and where the motor doee not have to he started and 
stopped frequently. 

Synchronous motors Iwhave differently from direct-current 
motors. Thus, if the field of a diri'ct -current motor lie weakened, 
the motor will sjM.vd up in order to keep the counter -electromotive 
force at a proper value. But if the field strength of a synchronous 
motor be changed, the speed cannot change, because the motor 
must run in synchronism with the alternator that supplies it with 
current. What then does enable a synchronous motor to adjust 
itself to changes of load and field strength? It is the change of 
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phase difference between tlie armature current and the applied 
electromotive force. 

Suppose A synchronous motor running light {i.e., nnloaded), 
and sup|)08e fnrtlier that there la no friction, hj-Bteresis, or eddy, 
current loss; then, if this motor be run np to synchronism, and its 
field adjusted to such a strength that the connter-electromotive 
foree of the motor is equal and opposite to that of the generator, 
no current will flow through the circuit when the circuit is closed. 
At any instant the electromotive foree that c&nsea current to flow 
in the circuit is the difference between the instantaneous electro- 
motive force of the alternator and the con nter -electromotive force 
of the motor. On loading the motor, its armature will 1^ a small 
fraction of a revolution behind that of the alternator, so that the 
counter. electromotive force of the motor will no longer be in op- 
position, to that of the alternator. The result is that a current will 
flow, of a magnitude such as to produce the torque necessary to 
enable the motor to carry its load. The greater the load on the 
motor, the greater the lag of its armature, and hence the greater 
the difference in phase between the applied and the counter-electro- 
motive forces; this, in turn, permits a larger current to flow to 
supply the additional torque required. If, however, too grtat a 
load is put on the motor, the slipping behind of the armature will 
become sufliciently great to throw the motor out of synchronism, 
or to cause the motor to '-break down", when it will stop. In 
other words, the motor, under these conditions, cannot exert sufii. 
cient torqae to handle the load. 

71. Starting a Synchronous Motor. If a single-phase al. 
ternator be electrically connected to alternating-current supply 
mains, the machine will not start up and run as a motor, because 
the current in its armature is rapidly reversing, thus tending to 
turn the armature first in one direction and then in the other direc- 
tion in rapid succession. A single-pliaae alternator which is to be 
used as a synchronous motor, must be started and brought up to 
full speed by an engine or other outside source of power. 

If a polypliaso alternator, on the other band, is connected to 
polyphase supply mains, the machine will start and run up to full 
speed if it has little or no' belt load. This self-starting property of 
the p>Iyphase synchronous motor is explained as follows: 
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Ah one of the polyphase cunenta tbrough the armature of the ma- 
chine dies away, it leavea a slight amouDt of residual magaetism In the 
Seld-magnet structure If the field m&gnet is uot excited by direct current. 



This residua] magnetism acts upon the growing current of the other phase 

(or pliases), arid produces a tonjiie tending to turn tlie armature. 

Tills action of tlie pol.vplia^ allcrnutor in esj^ntially the sams as the 
action of the Induction motor. 
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A polyphase alternator whitli is to be used as a synchronoas 
motor duvelopa but little starting effort when connected directly to 
the supply mains, hence it is generally started, especially in larger 
sizes, by means of a small engine or auxiliary motor, and then 
thrown into circuit, after which its load is connected to it through 
a friction clutch, thus allowing it to be thrown on gradually. In 
smaller sisies the macjiine is generally self-starting without load, 
the load Ix'ing thrown on afterwards. It is necessary always to 
start tip a single-phase motor from Bome external source whether 
loade<I or unloD.ded, since it develops no starting torqim whatever 
when thrown in circuit at a standstill. 

The exciter of a synchronous motor {a small direct-current 
dynamo) is usually belted to, or mounted upon, the synchronoiia 
motor shaft, so that when the synchronous motor Iina been brought 
up to full sptvd either by separate starting or by s;Jf starting, the 
exciter is in full operation and ie Jn readiness to supply current for 
exciting the tield magnet of the synchronous motor. 

SfjHtriite Htiiii'iKj of <i Sijni'hrontniit Mutur. In the case of 
tile flinglc-phaso machine, the power for starting is always derived 
from a source entirely indejwndent of tlu single-phase supply. In 
the case of the polyphase machine, the power for starting is usually 
developttl by a small induction motor supplii-d with polyphase cur- 
rents from the mains that supply currents to the ayuchroiioiis motor 
itself. The method of separate starting is essentially the same for 
both single-phase and polyphase machines. The procedure is ex- 
actly the same as for starting and adjusting au alternator that is 
to he connected in parallel with another alternator already in o[)er- 
ation. This procedure will be described in detail later. 

Fig. 174 is a general view of a 3yO-kilowatt Stanley (S.K.C.) 
3-phasu synchronous motor connected to its pulley through a Wor- 
rell friction clutch. The small starting motor ia a 2-phase induc- 
tion motor. To start this machine, the load is disconnected by 
loosening the friction clutch. The small motor is thrown into 
gear, and then connected to the supply mains. When the large 
machine has reached synchronous siK-ed, and has been adjusted to 
tile projier phase relation with the electromotive force of the sup- 
ply mains, it is itself connected to the supply mains. The starting 
motor is then thrown out of gear, and disconnected from the sup- 
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ply Qiains; and llie load ia gradually thrown npoD the ByDclironoua 
motor by means of the friction clutch. In Fig. 174 the synchron- 
ous motor, starting motor, pulley, and L*hit<;h are shown mounted 
on one btdjilate. 

Fig. 170 shows an S. K. 0. synclironouB motor direct -con nee ted 
to a direct-current generator, and provided witli a small direct-cur- 
rent starting motor. In this case the direct -current generator is left 
on op'u fircuit while starting, so that but little starting effort ia 
required of the motor. When the synchronous motor and dii-ect- 
current generator have been brought up to full speinl by the small 
direct -current starting motor, this starting motor is thrown out of 
gear by means of the lever shown at the extreme left in the figure. 
This lever moves the large intermediate gear-wheel idler parnllel 
to the armature sliAft, and thus diBeiigageB the two small spur gears. 




Fig. 175. 

The field current for the synchronous motor is taken from the coni- 
mntator of the large direct-current generator. 

,Svlf Startinrj of a Pohjjih'ine Sijnuhi-oniius Jfotdi: In the 
self -starting of the polyphase eynehronous motor, its armature ter- 
minals may be connected directly to the polyphase supply mains 
with its field unexcited. When the machine reaches synchronons 
sixtKi (driving its exciter), the field ia connected to the exciter. 
The machine is then in full operation as a synchronons motor, and 
its load may Ixi gradually tlirown on, as already descrilied. 

The objection to this mode of starting is that the machine 
takes excessively large lagging currents at starting; and this g»'n- 
erally causes a drop in the supply voltage great enough to disturb 
seriously the general system of distributing mains from which tlie 
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synchronous motor receives its cnrrents. This excessive demand 
for cnrrent at starting is objectionable when the motor takes a 
large proportion of the generator output, or is used in connection 
with a lighting service, especially when the motor is started and 
stopped at fre<^nent intervals. 

To avoid an excfssive demand for current at starting, an auto- 
starter or compensator is frequently employed. The starting 
compensator for a S-phase synchronona motor consists of two trans- 
formers (three transformers for a 3-phase machine) having their 
primaries connected across the respective phases of the snpply 
mains, their secondaries being provided with a nnml>er of ta|>B so 
that, at starting, a fraction of the full supply voltage can be applied 
to the armature terminals of the synchronous motor. This fraction 
is usually from 40 to (50 per cent of the full voltage; and a switch- 
ing device is provided by means of which the change from frac- 
tional to full voltage can be quickly made when the synchronous 
motor reaches full speed. 

This starting compensator is also used in connection with in- 
duction motors, and is fully described subsequently. The trans- 
formers used in the starting compensator are always anto-trans- 
formers. 

The self-starting of a polyphase synchronous motor (by in- 
duction-motor action) depends upon the magnetizing action on the 
unexcited field magnet poles by the armature currents. Therefore 
a polyphase alternator having high armature reaction (that is, large 
magnetizing action on the field for a given armature cnrrent, as in 
the case of an armature with concentrated windings or a machine 
with small air gaps)will give a large starting torque when used as 
a self-starting synchronous motor. 

Usually less than one miniUe is required to bring even largo 
■synchronous motors to full speed by either method of starting. 

At the time of starting, the armature and field windings of a 
synchronouB motor are related to each other as are the primary and 
secondary of an alternating-current transformer. The result is, 
that when the field coils have many turns of wire, a dangerously 
high electromotive force may l>e induced in them. 

This production of high voltages in the field coils of a self- 
started polyphase synchronous motor inay be, to a great extent 
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avoided, by using few turns of largu wire in the lield winding, thus 
uecHssitating the use of a low voltage exciter. For this reason ex- 
citers giving an eleotroinotive force as low as 50 volts are frequently 
used. Another method of obviating the danger referred to, is to 
provide short-circuited metal rings around the field poles. These 
rings limit the changes of magnetism in the pole-pieces, and there- 
by prevent the formation of excessively high induced voltages in 
the field coils. 

Ill synchronous motors of the stationary field type, the field 
circuit may be broken up into many separate parts so as to divide 
up the iiiduc*^ electromotive force. Thus, Fig. 17(i shows tin; 




Fig 176. 

stationary field of an alternator (synchronous motor) with the ter- 
minals of each field spool brought ont to convenient switches on 
the frame of the machine. During starting these switches are 
open, and when the machine has reached synchronous speed they 
are all closed, thus connecting all the field spools in series to the 
exciter, 

73. Hunting Action of the Synchronous Motor. AVhen the 
load on a synchronous motor is suddenly increased, the motor slows 
down momentarily and falls behind the generator in phase. When 
the motor has fallen Whind sufficiently to take in jiower enough to 
enable it to carry its load, it is still running slightly below syn- 
chronism; it therefore falls etill further behind, and takes an ex- 
cess of power from the generator which quickly sjn^eds it above 
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BynclironiBin. It tlien gains on the generator in phase until it is 
taking in less power than is required for its load, when it again 
slows down, and so on. This oscillation of speed above and below 
synchronisni, called hunting, is accompanied with great changes in 
the current supplied to the synchronous motor, and with rapid risB 
and fall of the electromotive force between the terminals of the 
motor. It is frequently a source of great annoyance, especially 
wliBre several synchronous motors (or rotary converters) are run in 
parallel from the same mains. 

Hunting is frequently produced by the periodic changes in 
the spi'ed of the engine that drives the generator. Thus the en- 
gine momentarily increases its speed as the steam acts upon the 
piston at each stroke, and 
diminishes its speed in the in- 
tervals between the strokes. 

Hunting is prevented 
by tlie use of heavy copper 
frames or dampers partly 
covering the edges of the 
pole-pieces of the field mag- 
net both in the generator and 
in the synchronous motor. 

The hunting of a syn- 
chronous motor is a phenom- 
enon of the same nature as ,,. ,„ 
Pig. 177. 
the bunting of a steam en- 
gine having an over-sensitive governor. When the load on the 
engine is suddenly increased, the engine slows down momentarily, 
causing the governor to admit more steam than is needed for the 
increased load. The result is that the engine quickly speeds up, 
causing the over-sensitive governor to shut off too much steam, so 
that the engine slows down again, and so on. 

Fig. 177 is a view of a portion of the revolving field of an 
alternator, showing the copper dampers,* consisting of rectangular 
frames, driven into place under the overhanging tips of two adja- 

• Formerly used by the Bullock Electric Mfg. Company. They have 
recently abanduned this design as the coustructloit of (heir alternators is 
ituoh a» to render it UDuecesaaiy. 
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cent poles. There is one of the dampers provided between each 
pair oF adjacent poles, all around the field. 

73. Torque and Power Output of a Synchronous riotor. 

A given synchronouB motor operating with given applied voltjtge 
is capable of developing a definite maximum torque (or of deliv. 
ering a definite niaximnm amount of power). An attempt to take 
more than this maximum power from the machine, causes the 
machine to fall out of step (that is, out of proper phase relation) 
with respect to the supply voltage; and the motor accordingly 
stops. A prop»rIy designed synchronous motor will, however, 
carry a reasonable overload before reaching the above-mentioned 
, maximum at which the machine stops. 

The maximum power that can be delivered by a synchronous 
motor ia greatly increased by increaae of the applied voltiige, and 
greatly decreased by a decrease of the appliwl voltage. In fact 
the maximum power oatput is proportional to the square of the 
applied voltage; therefore, the voltage of supply should never be 
allowed to fall much below the normal or rated value. 

74. Field Excitation and Power Factor. While the power 
factor of a non-synchronous (induction) alternating-current motor 
is fixed by its design, and its current is always lagging behind the 
applied electromotive force, the current delivered to a synchronous 
motor may be made either lagging or leading at will. This 
remarkable control of the phase of the current is accomplished by 
varying the strength of the field excitation. 

An increase in the field excitation of a synchronous motor 
will cause a corresponding increase in the eonnter-electromotive 
force generated in the motor armature. VHy properly ad jtistiiig the 
field excitation, this counter-electromotive force of the motor can 
be made considerably greater than the electromotive force applied 
at the motor terminals. Tlie result is that an increased but lead- 
ing current (that is, one ahead of the applied voltage, as in a con- 
denser) flows in the armature. On the other hand, a field excita- 
tion below the normal amount produces an increased but lagging 
current (that is, one behind the applied voltage, as in an induc- 
tance coil). If the field excitation is normal, that is, of such a 
value that the current in the motor armature is exactly opposed in 
phase to the counter electromotive force (power factor, unity), 
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then the effective value of thia current will be a minimnni; and 
hence the efficiency of the motor, generator, and trauemisBion lines 
will be a maximnni because the P K losses will be a minimum. 

Considered simply as a motor, without reference to the trans- 
mission system as a whole, the most efiicient point of operation is 
with unity power factor, or, 
in other words, with a field 
excitation which will make 
the armature current a min- 
imum. ^ 

The effect upon the ar- c 
mature current, produced by ^ 
varying the field excitation, | 



8 shown by the c 



s in Fig 




Fig. 178. 



Up to a certain point, 
as the excitation is increased, 
the armature current is lag- 
ging, and decreases to a niin. 
imuin value. Further increase of the exciting current causes the 
armature to take more current, which is now ahead of the applied 
electromotive force in phase, that is, is now leading. There is 
one value of the exciting current for which the armature current is 
a minimum. In motors of good regulation this value of the excit- 
ing current varies but slightly with different loads. 





Fig. 179. 
75. Use of a Synchronous Motor as a Condenser. A Syn- 
chronous motor with its field magnet over-excited takes a current 
which is ahead of the applied electromotive force in phase. Snch 
a machine may therefore be connected across the terminals of an 
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inductive receiving circuit, aa ehowu in Fig. 1711, so as to coiiif>en- 
Bate for lagging cnrreut dttlivered to the receiving circuit, thuB 
reducing tlie Una current to the lowest value that will suffice to 
transmit the power taken by the receiving circuit. The clock dia- 
gram (Fig. IHO) shows how the leading current I, taken hy the syn- 
chronous motor M (Fig. 17!') gives, when combined with the cur- 
rent 1 1 delivered to the receiving circuit, s resultant line current I, 
which is in phase with the electromotive force E between the maine. 
A synchronous motor used primarily for compensating the 
lagging current delivered to an inductive receiving circuit, is called 
a rotary condenBer or a synchronous compensator. The rotary con- 
denser is especially useful when induction motorB or lightly loaded 
transformers or both, are supplied over a long transmission line. 
In such cases the reduction of the 
line current to the smallest possible 
value effects considerable saving 
in the matters of power losses in 
the transmission line. The use of 
a rotary condenser is also an ath^ 
vantage in that the regulation of 
voltage at the receiving end of the 

transmission line is improved. 
Fig. 180. , . L ^ • 

A given synchronous motor is 

most effective as a rotary condenser 
when it is not required to deliver any mechanical power as a motor, 
that is, when it is run at zero load. ^Vhen a synchronous motor 
is to be used to deliver mechanical power, as well as to take a lead- 
■ ing current for the purpose of compensating the lagging current 
taken by the inductive receiving circuit, it is customary to limit 
the load on the motor to 70.7 per cent of its full. load rating (that 
is, its rating if it were to be used as a motor only, and not as a 
rotary condenser), "When the motor takes in its full-load rated 
current, but only 70.7 |ier cent of its full-load rated power, its field 
being over-excited, then its current is 45" ahead of the electromo- 
tive force; the power factor of the motor is 70.7 per cent; the 
]K>wer component of the current (that is the component winch is in 
phase with the supply electromotive force) is 70,7 jier cent of the 
full current; and the wattless component of the current (the com- 
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ponent wbit-h is ilO' ahead of the supply electromotive force in 
phase) is also 70.7 per eeot of the full-load current. 

Example. A sjochronous motor rated at 100 kilowatts at 
1,000 volts would have a full-load rated current of 100 amperes, 
the field of the machine being excited to give unity power factor. 
If this machine is to t)e operated as a rotary condenser, its field 
excitations will have to be increased. If the machine is to carry 
a load of 70,7 kilowatts, and at the same time to take as large a 
leading wattless current as posaible {without, however, exceeding 
tlie full-load rated current of 100 amperes), then the field will have to 
be over-excited to such an extent as to cause the machine to take its 
full rated current of 100 amperes at 70.7 kilowatts load. In this 
case the power component of the 100-ampere current will be 70.7 
amperes; the wattless component of the lOO-ampere current will 
he 70.7 ami)eres [ 100 = i/'(ToT7p~-f (7U.7)"] ; and the power factor 
of the over-excited motor will be 70.7 per cent. 

7ti. Characteristic Curves and Tests. The difference be- 
tween a synclironous motor and an alternating-current generator con- 
sists mainly in the method of operating; any alternator will run as a 
synchronous motor, and v'H:e verifi. Therefore all the tests described 
in articles 01 to 60, with reference to alternators, may be applied in a 
similar manner to synchronous motors. In making a heat test on a 
small synchronous motor, it ia usually run at full load as a motor. 

In the case of large synchronous motors, the "heat-run " or 
test is usually made by running the machine as a generator on short 
circuit, with a portion of its field coils connected in opposition, as 
described in article 0-5 on the heat test of alternators. 

The efficiency of a synchronouB motor is calculatiHl in the 
same manner as that of an alternator (see article 07j. 

77. Phase Characteristic. Regulation for alternators, as 
described in article 64 is not calculated in the case of a synchron- 
ous motor; but the determination of the "phase characteristic" of 
a synchronous motor corresponds to, and is substituted for, the 
regulation test. A " phase characteristic " is a curve showing the 
relation between the armature current and the field current of a 
synchronous motor, the test being carried out under constant con- 
ditions with respect to voltage, frequency, and load. Phase char- 
acteristics are shown in Fig. 178. 
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Phase cliaracteristice art* iieiially taken at no load, althongh it 
not infrequently Iiappens tliat it ia desired to obtain a phaee char- 
acteristic at full load. To make tlie test at no load, it is simply 
Deceesary to run the motor unloaded, supplying alternating cur- 
rents of the proper voltage and frequency to the armature terniiuals 
of the motor. The field current is then varied by suceeesive steps, 
both above and below its normal value, until the armature current 
has attained rated full-load value, Ixitli for leading and for lagging 
current. For each value of the field current, simnltaneous obser- 
vations are made of the amperes in the armature, the volts supplied 
to the annatiire terminals, the amperes in the field, and the speed. 
Tlie normal field current is that value for which the armature cur- 
rent has the lowest value- 

If a phase characteristic at full load is desired, the most con- 
venient way of loading the motor is to cause it to drive a direct- 
current generator of known efficiency, by means of a belt connecting 
their respective pulleys. The power output of the direct-current 
generator can be accurately measured by means of an ammeter 
and a voltmeter. Knowing the output, and the efficiency of the 
direct-current generator at any output, the mechanical input (that 

is, the — r^-r ) to the generator can be calculated. This input 

eniciency' " ' 

to the generator is evidently equal to the mechanical output of the 

synchronous motor, the power lost in the belting being negligible. 

The load on the motor must be kept constant throughout the 
test. The armature current for a full-load pliase characteristic 
cannot be varied through such a wide range of values as at no load, 
owing to the inability of the armature windings of the motor to 
carry the excessive current without over-heating. 

78. Pulsation Test. This test is to determine wliether or not 
the synchronous motor has a decided tendency to hunt. For this 
test the synchronona motor ia supplied with alternating current or 
currents from a very steadily driven alternator over an "artificial 
transmission line". This "artificial line consists simply of a 
resistance equal to the resistance* of the transmission line over 

*NoTE. Usually the traasraiHxion line lias a resistance eucb as to 
give a 10 )ier cent drup of electromutjve force when fnll-loail current Is 
delivered to the motor- 
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whicli the eynchronoua motor is to be aupplied with current when 
finally inetalled. 

The syncbronons motor ie driven at zero load, taking current 
through the artificial line, the tendency to hnnt being greateet at 
zero load. The eonnectiona are the Bame ae in the test for phase 
characteristic. The hunting action is indicated by the pulsation 
of the ammeters and voltmeters. The field current of the motor is 
varied from conaidembly below to considerably above rated full- 
load field current. For each value of the field current, the indica- 
tions of the iiistrumentB are carefully observed. The pulsations of 
the instmrnentB are noted. 

Duriug this test, care must be taken that the alternator supplying 
the power to drive tUe motor under test, does not pulsate, for, if It does, 
the pulsations of the Instrument pointers would not then give a reliable 
tndlcatioD of the performance of the motor Itself under normal working 
conditions. 

79. Break-down Test, As its name implies, this teat is to 
detenuiue the maximum power that a synchronous motor will 
deliver at its pulley, before falling out of synchronism and stop- 
ping. As in the case of the full-load phase characteristic, the 
power output of the motor ia moat conveniently abaorbed and 
measured by belting the motor to a direct -current generator, and 
measuring the electrical output of thia generator. For further 
description and details of the break-down teat, the reader is referred 
to the article on the break-down test for induction motors. 

80. 5elf-StartinK Test. The object of a starting teat on a 
synchronous motor is to determine: 

(rt) The voltt^ and current required to start the motor. 

(h) The time required for the motor to reach synchronous 
speed (synchronism). 

('■) The electromotive force induced in the field magnet 
windings at the instant of starting. 

The starting test is made on polyphase motors only, for, as 
previously stated, single-phase synchronous motors are not inher- 
ently self-starting, but muBt even in the smaller sizes, be provided 
with special starting devices. 

The synchronous motor to be tested is connected to mains 
supplying alternating currents of the proper frequency. Arrange- 
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ineiit i9 made to adjust the voltage applied to tlie ariimture ter- 
minals of the niotpr, by ineane of potential (voltage) regulatorB con- 
nected in the armature circiiitB between the supply inaina and the 
armature terminals. An ammeter is connected in series with each 
jihase winding of the armature; that is, two ammeters are needed 
for a two-phase motor, and three ammeters for a three-phase motor. 
A voltmeter is connected to the terminals of the secondary coil of 
a small step-down potential transformer the primary coil of which 
is connected to the terminals of the Jield winding of the motor, 
A voltmeter is also connected between the supply mains. 

The teat is made with no current in the Held and the field 
circuit open.'* The voltage applied to the armature terminals is 
slowly increased until the motor starts to revolve. At the instant 
that the motor starts, the readings of all the instrutiients are 
recorded as per the following tabular form: 



Volte between Amperea iu the Volts Induced 

armature. In field 

ih'ach phase.) wiudiuge. 



After the motor starts, the voltage applied to the armature 
terminals is kept constant; and the time ref]uired for the motor to 
attain synchronous speed, reckoned from the instant it starts, is 
observed. The exact instant that synehronisTu is reached, is indi- 
cated by violent swings of the pointers of the ammeters as welt as 
those of tlie voltmeters connected to the armature terminals. At 
synchronism, another set of observations is taken. 

This procedure is re[>eated for a series of initial positions of 
the armature, the object being to find the most unfavorable posi- 
tion of the armature and the corresponding starting current, and 
the time required to reach synchronous speed from this most 
unfavorable position. 

The series of initial positions of the armature are chosen as 
follows : 

The circumference of the armature between the centers of two adja- 
cent field )H)les it) divided into a numiier of e<iual parts, this iiuoiber not 
t>elng a multiple of the number of phases, nor of the number of slots per 

•NoTK. Tlie primary of the potential traimformer tabes but little 
current, and the Held circuit, tt) all Inteule and purposes, is opeu. ' 
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pole per phase; usually there are seveo parts. The sUrting poeltiooB thus 
cbuseu will Include eveiy possible position that a magnet pole ma; have 
relative to an armature slot. These parts are marked by chalked lines, 
and the various starting positions of the armature relative to the Held 
magnet poles are detenulned by setting each of the marks In succession 
into Golocldence with a given field pole tip. 



THE TRANSFORMER. 

8i. Tli« transforitiier consists of two separate and distinct 
coils of wire insulated from each other, and wonnd upon one and 
the same laminated iron core. Fig. 217 shows a sectional view of 
a common commercial type of transformer. 

In practice, one of the coils receives alternatiDg current from 
a high- (or low.) voltage source of supply; and the other coil delivers 
alternating current to a receiving system at a low (or high) voltage. 
When the transformer receives alternating current at high voltage 
and delivers it at low voltage, we have what is called step-down 
transformation; when the transformer receives alternating current 
at low voltage and delivers it at high volt^e, ws have what is 
called step-up transformation. 

The coil of a transformer which receives alternating current 
from a source of supply, is called the primary coil; and the coil 
which delivers alternating current is called the secondary coil. 

In Fig. 217, each limb of the core is wound with half of the 
secondary coil (coarse wire) next to the core, and with half of the 
primary coil (line wire) over the secondary. 

The alternator, as we haVe already seen, is a machine in which an 
allematttig electromotive force is produced by the cutting of a permanently 
established magnetic flux by wires on account of the motion of the flux 
relative to the wires. 

The traiisfunner, on the other hand, Is an arrangement whereby an 
alternating electromotive force Is produced in a stationary coll of wire 
(secondary) by reversals of magnetic flux through a stationary iron core, 
these reversals of flux being produced by alternating current supplied to 
the primary coll of the transformer. 

82. Physical Action of the Transformer. M'Hhout Load. 
When the secondary of a transformer is on open circuit, it can of 
course, deliver no current; and the transformer ia said to be 0(>erat- 
ing at zero load. Under these conditions, only a small amount of 
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alternating current flows through the primary coil. This current 
causes repeated reversals of magnetic flux through the irou core. 
These reversals of uiagnetic flux induce electromotive forces in both 
coils. The electromotive force thus induced in the primary coil is 
opposite in direction, and very nearly equal, to the electromotive 
force applied to the primary coil. Only the difference between the 
applied electromotive force and the opposing induced electromotive 
force is available for producing current through the primary coil; 
and since this difference is small, the primary current is small at 
eero load. The primary current at zero load is called the no-load 
current of the transformer. 

With Loa<}. Whether the secondary coil of a transformer ia 
delivering current or not, the reversals of magnetic flnx in the 
transfonner core always induce an alternating electromotive force 
in the coil. When alternating current is taken from the secondary 
of a transformer, the trausformer is said to be loaded. The action 
of this secondary current as it flows through the secondary coil, ia 
to oppose the uiagnetizing action of the slight current already 
flowing in the primary coil, thus decreasing the maximum value 
reached by the alternating magnetic flux in the core, and thereby 
decreasing the induced electromotive forces in both coils. The 
amount of this decrease, however, is v<',ry amall , inasmuch as a very 
email decrease of the induced electromotive force in the primary 
coil greatly increases the difference between the electromotive force 
applied to the primary coil and the opposing electromotive force in- 
duced in the primary coil, so that the primary current is greatly 
increased. In fact, the hwrease of 2>Fimanj riin\'nt due to the 
lonilimj of thii tmn^foniier in juit great eiioinjh {iir very nearly) 
to exai:tJy hirhinre, tlw vnKjiretishtij netioii of the enrreiit in, the 
SfCOHilary coil; that is, the flux in the core must be maintained 
approximately constant by the primary current whatever value the 
secondary current may have. 

83. Electromotive Force and Current Relations In a Trans- 
former. Elvrtvoiitotivi'. Force lt<-hitiims. The electromotive 
forces induced in the respective coils of a transformer are propor- 
tional to the number of turns of wire in each; and from the above 
discussion it is evident that the electromotive force induced in the 
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primary coil is sensibly equal to the sti[)ply elet^troiiiotive force, 
whether the transformer is loaded or not. Therefore 

in which E' is the electromotive force applied to the primary, E" 
ia the electromotive at which the secondary coil delivers alternating 
cnrreut, 71 is the oiiinber of turns of wire in the primary coil, and 
Z" 18 the number o'f tnrns of wire in the secondary coil. 

Viifreiit Ruhit'niiiH. The magnetizing action of the primary 
cnrrent I' of a transformer having Z' turns of wire in its primary 
coil, may he expressed by the product Z'l', that is, by am|)ere- turns; 
and similarly, the magnetizing action of the secondary current I" 
may be expressed by the product Z"I", where Z" is the number of 
tnrns of wire in the secondary coil. Therefore since the magnetiz- 
ing actions of the two coils are e(]ual (and op[)Osite), we have: 
ZT = Z-I", 
-pr= y.. (33) 

in which Z' and Z" are the turns of wire in the respective coils; I" ia 
the current delivered by the secondary coil; and 1' is the increase of 
current taken by the primary coil over and above the no-load cur- 
rent, due to the fact that the secondary coil is delivering current. 

Now, in most commercial transformers the no-loa4 current is 
quite small; and, neglecting this current entirely, the only current 
in the primary coil would be the increase of primary current due 
to the fact that the secondary coil is delivering cnrrent. There- 
for© equation 32 expresses, with suHicient accuracy for most pur- 
poses, the relation between the acinar primary current I' and the 
secondary current I". 

84. Summary of Electromotive Force and Current Rela- 
tions in a Transformer. A transformer whicli delivers current 
I" to a receiving circuit, takes an amount of current equal to 

I" X ■■•/■{= I) from thesourceof supply. The electromotive force 
of the source of supply is E', and the electromotive force at which the 
secondary delivers cnrrent is equal to E' X -yri=E"}. 
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Examjtle. A curtain tranBFormer rated at 5i kilowatts haa 
6fiO turns of wire in its primary coil and (iO turns of wire in its 
secondary coil. The primary coil is connected between l.lOO-volt 
supply mains. Tlierefore tbe secondary electromotive force, by 
equation 31 is: 

E" = ^T X K' — j||j X 1,100 = 110 volts. 

If ten lamps, each taking half an ampere, are connected to 
the secondary coil, the secondary current will be D an>|)eres; Hrul 
the primary current, by equation 32 will l>e: 

„ 2" , fill . , 

1 = yr X I "(ifY) "^ -^ ^'- ■'* ampere. 

The power delivered to the lamps by the secoudary coil is 
equal to E" I", since the lamp circuit Is non-inductive. That is: 

Power delivered to lamps = 110 volts X 5 amperes = 550 
watts. The power delivered to the primary coil in this case (non. 
inductive secondary circuit), is equal to E' I'. That is; 

Power delivered to primary = 1,100 volts X 0.5 amperes = 
550 watta. 

If 100 lamps, each taking half an ampere, are connected to 
the secondary coil, the secondary current will l<e 50 ani|HTes, and 
the primary current will be 5 ainjjeres; tlie |H>wer delivered to the 
lamps will J)e 5,-500 watts, and the power delivered to the primary 
coil will also be 5,500 watts. 

The above calculations ignore the followinf^ ai'tions which 
take place in an actual transformer: 

(a) LofiBes urelectromutive furce in overctiminK the reKistanceH or 
primary and secuudary colls. 

(()) IjOBsesiif jMJwer (I'B) In tbe primary and Bewiiidftrj- o)il: 
(r) liOSB of power in tiie Iron core, due to tiytstereeln and eildy cnr- 
renta 

85. Automatic Action of the Transformer. AVIieri the load 
on a transfoniier is increased, the primary of the transformer 
automatically takes additional current and power from the supply 
mains in direct proportion to the load on the secondary. When 
the load on the secondary is reduced, for example by turning off 
lamps, the power taken from the supply mains by the primary 
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coil is aatomatically reduced in proportion to the decrease in the 
load. Tliia automatic action of the transformer is due to the 
balanced magnetizing action of the primary and secondary cur- 
rentB; and it ie illustrated in the above example. 

86. Comparison. of the Actual with the Ideal Transformer. 
The foregoing discussion of electromotive force and current rela- 
tions in a transformer ie based npon the following assumptions : 

(a) That the no-load current of the transformeT la negltglble, and 
that it represents no power taken from tlie supply mains; or, tn other 
words, tliat eddy-current .and hyBteresle Iohbcs are abeeut, 

(b) That the resistance of tlie colls Is neKllglble, so that the electro- 
motive force applied to the primary coil fs wholly balauceil by tlie oppos- . 
Ing electromottve force in the primary coll, and so that the wboleofthe 
electromotive force induced in the secondary coll 1b available at the tennl- 
nalaof that ci>ll. 

(r) That all the magnetic flux which passes through the primary 
coll passes through the secondary coll also; or, in other words, that there 
Is no magnetic leakage. 

A transformer that would meet these conditions would be an 
ideal transformer. A well-designed transformer operating on mod- 
erate load does approximate quite closely to the ideal transformer 
ici its action; and equations 31 and 32 are much used in practical 
calculations. For some purposes, however, it is desirable to con- 
sider the action of the transformer, taking account of coil resist- 
ances, of eddy currents and hysteresis, and of the fact that some 
lines of magnetic flux pass through one coil without passing through 
the other (magnetic leakage). The extent to which a well-designed 
transformer deviates from an ideal, isexeinplified by the following 
actual results obtained with the 5J-kilowatt transformer used in 
the example of the ])recediii^ article: 

At no load, the value of E" Is 109.6 volts; the no-load current Is 0.129 
amperes; and the power taken from the mains by this ui>-load current 
(core loss) Is 100 watts. This core loss Is nearly coustaut at all loads. 

When 100 lamps, taking 60 amperes of current, are connected to the 
secondary, then £" Is 107. 2 volts. The RV loss in the primary coll is &> 
watts; and the BI' loss In the secondary Is 6o watts. Therefore the power 
delivered to the lamps is 5.36 kilowatts; the jtower takeu from the supply 
mains iH 5,860 -f 100 + 65 -I- 65, which is etjual (oJ>,690 watts; and the full- 
load efficiency of the transformer Is 96 per cent. 

87. Maximum Core Flux. In the designing of transformers 
and in the predetermination of core loss, it is necessary to calcu- 
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late tile inaxiniuin value reacbed by tbe alternating magnetic flnx 
through the transformer core. This maximum value of tbe core 
flux may be easily and accurately calculated by means of tbe follow- 
ing formula for s harmonic (that is, sine- wave) electromotive force: 

- _ E' X lO* . . 

* 4.44 X Z X / ^^^ 

in which 4> ia tbe maximum value of the core Hux, and is equal to 
the product of maximum flux density and Bectional area of the 
core (^ ^A); E' is the effective value of the electromotive force 
applied to the primary coil; Z' is the number of turns of M'ire in 
the primary coil; andy^is the frequency of tbe applied electromo- 
tive force, in cycles per second. 

^ Dei-ivi'tioii of KqtKttioii 33. Consider tbe instant when the 
core Hux is at its maximum positive value 4>. After a quarter of 
a cycle, or after -^ second, the flux is reduced to zt^ro. The aver- 
age rate of change of the flux during this quarter of a cycle, is 
equal to: 

total change of flux * i/A 

elapsed time "~ -jf 
which is equal to the average electromotive force (in c.g.s. units) 
induced in each turn of wire in the primary coil. Therefore the 
total electromotive force induced in the Z' turns of wire In the 
primary coil, is 4/'4>Z' c.g.s. units, or 4/'$Z' -■- lO" volts, since 
10* c.g.s. units equal 1 volt. 

This aven^ value of the induced electromotive force is equal 
(very nearly) to the average value of the electromotive force 
applied to the primarj- coil; and it must be multiplied by the form 
factor* of the electromotive force curve to give the elTective value 
E' of the applied electromotive force. Tbe form factor of a aiue- 
wave electromotive force is 1,11. Therefore 

E' = 1.11 X average value = 4.44 /<I>Z' -h 10* volts. 
Hence, solving for 4», we have equation 33 at once. 

Example. In the 5iJ-kiiowatt transformer used as an illus- 
tration in Articles 84: and 80, there are CfiO turns of wire in the 
primary coil, that is Z' = 600. This primary coil is connected to 
i(8ee Article 8.) 
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alternAting-ciirrent siip|)ly iiiaina eo that tbe eluctroiiiotive force 
applied to the primary coil is 1,100 volta (effective). The fre- 
quency of tho electromotive force is 125 cycles per second (=y)- 
In the assamption that tbe electromotive force wave is a sine cnrve, 
we have, naing equation 33: 

= Ti-j — 77777; — T7TT = 300,000 lines of magnetic flux. 
4.44 X tiliO X 125 ' *^ 

This is the maximum value of the alternating magnetic flux in the 
transformer core. 

The cross -sectional area A of the transfonner core is 15j^ 
square inches, so that tlie maximum valne of the magnetic flux- 
density in the core is 

* 300,000 ,o„„,. . , 

-T-^ - — Yfi — ~ 19,350 lines per square inch. 

This is equivalent to a flux-density of 3,000 lines per square 
centimeter. • Flux-density in lines per square 
centimeter is usually represented by the 
letter Sff. 

88. ideal Transformer Action Oraph- 
Ically Represented. Case a. Wit/iovt L<><u}. 
The line 0<I> in the clock diagram, Fig. Itil, 
represents the alternating magnetic flux in the 
core of a transfonner, the line OE' represents 
the electromotive force applied to the primary o < 
coil, and the line OE" represents the electro- 
motive force induced in the secondary coil. 
When the transformer is at zero load, the 
cnrrent in tlie primary coil, Iq, (the no-load 
current) lags greatly behind the applied electromotive force E'. as 
shown in the flgure, in which the line OIq represents the no-load 
current. The electromotive forces induced in both primary and 
secondary coils are i'O" behind the core flux, 0<1>, in phase, and 
tbe electromotive force OE' applied to the primary coil, being at 
each instant opposite to the electromotive force induced in tbe 
primary, is 90' ahead of 0$ in phase. 
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Case b. W;tA Tjiml, Rwehmtj C!>->-n!t Xe<rrl>/ Kim-In/Im-- 
tm: The liiu-s O*, OE', OE", and OIq iii Fijr. 182 represent 
Alternating core flux, primary applied electromotive fortv, secondary 
indoced electromotive force, and no-load current, exactly as in 
Fig. 181. The line 01" represents the secondary current lagging 
slightly behind the secondary electromotive force OE"; and the 
line OA represents the increase of primary current due to the 
loading of the transformer. The total primary ciirreiit is repre- 
sented by the line ()!', which is the vector (or geometric) suui of 
OA and OTo- Tlie current ()A is exactly opposit« to 01" in 
phase; and the prwhict of this current OA and the primary turns 
Z' balances the magnetizing action Z"I" of 
the secondary current. As is evident from 
Fig. 1S2, the loading of a transfonuer (non- 





Ffg. 182. 
inductive load) not only i 



Fig. 183. 
B the value of the primary current, 
but reduces its angle of lag behind the primary applied electromo- 
tive force. Thus, at zero-load the primary current is OIq; and 
when the transformer is loaded (non- inductive load) the primary 
current becomes OI', 

Case c. W,'f/i. Loail, Ri-wli'iiiij Circuit Jl'njhhj Inductivti. 
In Fig. ISi) the line 01" represents the current delivered by the 
secondary coil of a transformer to a highly inductive receiving 
circuit; the line OA represents the increase of primary current due 
to the load; and OF ri^presents the total primarj- current. In this 
case, also, the part OA of the primary current is exactly opjKisite 
in phase to the secondary current OI". 
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S9. Influence of Coll Resistances and riagnetlc Leakage 
Qraphlcally Represented. The diBcueaion given in the foregoing 
article takes account of tlie no-load current of a transformer. This 
DO-load current is the only factor that affects the ideal relation 
(equation 32) between primary and secondary currents in a trans- 
former. Coil resistances and magnetic leakage are, on the other 
band, the only things that affect perceptibly the ideal relations 
(equation 31) of primary and secondary electromotive forces. 

Magnetic leakage is equivalent, in its effect upon the action 
of a transformer, to an outside inductance (a choke coil) connected 
in series with the primary coil. Let L' be this inductance (in 
henrys) which is equivalent to the magnetic leakage of a trans- 
former. Then w L' (to equals 2jr times the frequency) is the re- 
actance (in ohms) of this inductance. 

The effects of coil reaiBtances and magnetic leakage upon the 
ideal relation between E' and E", are shown in the clock diagram, 
Fig. 1S4. 

The lota] electromotive force OE' applied to the primary coll is used 
(a) to overcome the resistance R' of the primary coll ; (6) tu overcome tlie 
electromotive force Induced In the primary coll by tlie leakage flux; and 
(c) to balance the eleotrumotive force Induced In the primary coil by the 
magnetic flux 0-t, which paeeeB through both euils 

The part {a) of OK' Is equal to RT, and It is in phase with I'. The 
part (6) of OE' is eii'iial to bL'1', and It Is 90^ ahead of I' in phase. The 
part (c) ofOE'la represeuted by the line OA'. The total electromotive 
force Induced In the secondary coil is e(|ual to OA' x yy- This electromo- 
tive force Is represented by the line OB. A portion of this total induced 
electromotive force OB is used to overcome the resistance It" of the sec- 
ondary coll; and the remainder OE" is available at the terminals of the 
secondary coil to force current through the secondary receiving circuit. 
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From Fifj. 184 it i» evident that tht* ratio ' ia Ick« than its 

ideal valiu! (= tt-t-,) l>w;aii8B of th« "reaistaiice loss" It'I' of 

electromotive force in the primary coil, because of th« '-leakage 
lose" L'l' of electromotive force in tlie primary coil, and beeaiiee 
of the "resiBtance Iobs" 11"I" of electromotive force in tlie sec- 
ondary coil. 

Transformer Reeulatlon with Non-inductive L^oad. When 
a transformer secondary delivers current tea non-inductive circuit, 
then Or'Fig. 184 is parallel to OB, 
and or is nearly parallel to OE', so 
that R'l' is nearly parallel to OE', 
and (oLT is nearly at right angles 
to OE'. Therefore the difference in 
value between OE' and OA' is nearly 
equal to K'l', and nearly indegtend- 
ent of coLT. ■ Therefore the falling 
off E" of secondary voltage, with in- 
crease of load, is due almost wholly 
to It'I' and to U"I" when the receiv- 
ing circuit is non-inductive, and is 
not due, to any perceptible extent, 
to magnetic leakage. 

Transformer Regulation with 
Highly Inductive Load. When a 
transformer secondary delivere cur- 
rent to a highly inductive circuit, 
then OI", Fig. 184, is nearly at right angles to OB, and 01' 
is nearly at right angles to OE' so that RT is nearly at right 
angles to OE'; wL'I' is nearly parallel to OE', and further, li'T' 
is nearly at riglit angles to OB. Therefore the difference in value 
between OE' and OA' is nearly equal to oiLT, and nearly inde- 
pendent of Il'I', while OB is nearly equal to OE". Tlierefoiv the 
falling off E" of secondary voltage, with increase of load, is due 
chiefly to aiLT (tliat is, to magnetic leakage) when the receiving 
circuit is highly inductive, and is not due to any great extent to 
coil resistances. 




Fig. IfM. 
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ExiHtiple. Tile primary of a certain 10-kilowatt (1,000-Tolt 
: 100- volt) transformer lias a reBiBtance of 1.5 olims, and ihe sec- 
ondary («>il has a resistance of 0.015 ohms. The secondary coil 
delivers 100 amperes to a non-inductive receiving circuit; and, 
ignoring no-load current, the primary takes 10 amperes from 
1,000-voU mains. The KI loss of electromotive force in the pri- 
mary coil ia therefore 1.5 ohms X 10 amperes = 15 volts, bo that 
the portion OA', Fig. 184, of the primary applied voltage ia very 
nearly 1,000 - 15 = 985 volts. Therefore the total electromotive 

force OU induced in the secondary coil is y;- X 988 volts = 98.5 

volts. The RI loss of electromotive force in the secondary coil is 
0.015 ohms X 100 amperes = 1.5 volts, so that the electromotive 
force between the terminals of the secondary coil is 98.5 volts — 1.5 
volts, or 97 volts. In this case, the secondary receiving circuit is 
non-inductive, and the portion aiL'I' of the primary applied volt- 
age is nearly at right angles to E'. This loss of voltage q>L'I' has 
therefore no appreciable effect in lessening the value of the avail- 
able part OA' of the primary applied voltage E'. 

The leakage reactance oiL' of the above transformer is 5 ohms. 
If the secondary coil delivers 100 amperes of current to a very 
highly inductive receiving circuit, then thia 100 amperes is nearly 
yO"" behind OB, Fig, 184, in phase; and the primary current of 10 
amperes is nearly 90'^ behind OA' in phase. Therefore the leakage 
voltage loss wL'I'. which is equal to 50 volts, is nearly parallel to 
OA', 80 that OA' is very nearly equal to 1,000 volts - 50 volts, or 

950 volts, and E" is very nearly equal to ^ X 950 volts, or 95 

volts. In this case, RT and R' I" are nearly at right angles to 
OA' and OB, and these resistance losses of voltage do not have an 
appreciable effect in lessening the secondary terminal voltage E". 
The above discussion of the effects of coil resistances and of 
magnetic leakage shows that the ratio of E' and E" ia very nearly 

equal to its ideal value ,=;;-when the primary and secondary cur- 
rents of a transformer are small, that is, when the load on the 
transformer is zero. 
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TRANSFORMER CONNECTIONS. 
90. Connections in Parallel (Constant- Voltage Transformers). 

In systeuiB of diBtribution where alternating correntB are delivered 
to a nntiiber of units (groups of lampe, for example) all at constant 
voltAge, eacb nnit(fach group of lamps) is supplied from tlie second- 
ary of a sepamte and distinct transformer; and the primaries of the 
respective trangformers are connected in p&rallel across the constant- 
voltage mains that lead out from the supply alternator. This 
arrangement is sliown in Fig. 1S5, in which P, K, P", etc., are 
the transformer primanes; B, S', S", etc., are the corresponding 
Becondaries; and A, A', A", etc., are the separate receiving units 



1 
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Fig. 186. 
or groups of lamps. For this kind of service, where the primary of 
a transformer is supplied at constant voltage, and it is desired that 
the transformer shall deliver current to a receiving unit at senBibly 
constant voltage irrespective of load (/,i?., irrespective of the number 
of lamps), the transformer must be designed so that a very slight 
decrease of induced electromotive force in the primary will permit 
the necessary current to flow through the primary coil. This requires 
that the coils of the transformer shall have as little resistance as 
possible, and that the primary and secondary coils shall be wound 
close together, so that no perceptible portion of the magnetic flux 
that is forced through the core by the magnetizing current may flow 
out of the core between the coils*, instead of passing through the 
secondary coil as well as through the primary coil. A transformer 
specially designed to realize these two conditions is eometimm 
called a constant- potent! a I transformer or a constant-voltage 
transformer. 

A constant -voltage transformer is necessary if it is desired to 
transroriTi a given voltage in a determinate ratio so as to be able 

*Tbeflowof magnetic flux between tlietwu colls or a transformer Is 
called masnettc leakage. 
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to iiifbr tbe valiio of the given voltage from the meaeiired value of 
the transformed voltage. Specially designed transformers, how- 
ever, are not necesBary for this pnrpose, for the reason that the volt- 
meter need for measuring the tranaformed voltage usually takes 
very little current, and it is the currents in a transformer that dis- 
turb the ideal ratio of voltage transformation. 

91. Connections of Multi-Coil Transformers. Most com- 
mercial trans form ere are now made with two (or more) priniaiy 
coils, and with two (or more) secondary coils. Each of the pri- 
mary coils of Biich a transformer may be adapted to direct connec- 
tion to 1,100- volt maioB, and be wound with wire large etiough to 
carry say 10 amperes without undue heating. In this case, if 
these two primary coils are properly connected in parallel they 
constitute in etTt.-ct a single primary coil, suited to direct connec- 
tion to 1,100'Volt mains, and capable of taking 20 amperes with- 
out undue heating. On the other hand, if these two primary coils 
are properly connected in series, they constitute in effect a single 
primary coil suited to direct connection to 2,200-volt mains, and 
capable of taking 10 amperes of current without undue beating. 
Each of tbe secondary coils of such a transformer may likewise be 
adapted to deliver 100 amperes at 110 volts, in which case the two 
eecondaries, if properly connected in parallel, constitute in effect a 
single secondary coil adapted to deliver 200 amperes at 110 volts; 
whereas if the two secondaries are properly connected in series, 
they constitute in effect a single secondary adapted to deliver 100 
amperes of current at 220 volts. 
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Fig. 186. Fig, 187. 

Two coils of !i transformer (primary or secondary) are prop- 
erly connectfd in parallel when the current which divides between 
tbem flows around tbe core in the same direction in both coils, 
that is, so that both coils magnetize the core io the same direc- 
tion. Proper and improper connections in parallel are shown in 
Figs. ISO and 1S7. 
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Two coils of a transformer (primary or secondary) are properly 
connected in series when thecarrentwhicli flows through them flows 
aronnd the core in the same direction in both coils. Proper and 
improper coDDectioQB in series are shown in Figs. 188 and 189. 

When two primaries of a transformer improperly connected 
in parallel are connected to the supply mains, the currents in the 
coils oppose each other in their magnetizing action on the core. 
The result is that the core is not preceptihly magnetized; but 
little opposing electromotive force is induced in the coils (by leak- 
Hge flux); and the two improperly connected coils constitute a 
short circuit when tliey are connected to the supply mains. 



J!I^ 



Fig. 188. Fig. 18fl. 

When two primaries of a transformer, improperly connected 
in series, are connecttnl to the supply mains, the current which 
flows through the two coils will have equal and opposite m^net. 
izing actions in the two coils. The core flux will therefore be 
practically zero, and no counter electromotive force will be induced 
in the windings to balance the applied electromotive force. The 
flow of current is therefore hindered only by the coil resietances, 
and by the electromotive forces induced by the leakage flux. The 
result is that two coils improperly «>nnected in series constitute a 
short circuit when they are connected to the supply mains. 

Two secondary coils improperly connected in parallel give 
rise to short-circuit conditions. Two secondary coils improperly 
connected in series do not lead to sbort-circnit conditions, but give 
zero electromotive force between their terminals. 

93, Arrangement for Transformers for the EdiMn Hiree- 
Wlre System. (Single-Phase.) The Edison three-wire system, 
extensively used in direct-current distribution, is commonly used 
in alternating-current distribution. 

Fig. VM shows two transformers properly connected for sup- 
plying current to a three-wire system; and Fig. 101 shows two 
transformers improperly connected for supplying current to a 
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three-wire system. In the proper connection, the middle secondary 
QiaiD c carries only the difference of the cnrrents in the outside 
mains a and b/ and in the improper connection, the current in 
the middle secondary main is the sum of the currents in the out- 
side mains. The proper connection gives double voltage between 
the outside secondary mains and the improper connection gives 
zero voltage between outside secondary mains. 

The Edison three-wire system must not be confused with the 
two-phase and three-phase three-wire systems. The advantages of 




• — -B0OVOLT9 1 

Fig. IBO. 

the Edison three-wire system when used for the distribution of 
Bingle-pbase alternating currents, are exactly the same as the ad- 
vantages of this system when used for the distribution of direct 
currents — namely, a great saving in the copper required in the dis- 
tributing mains. This saving, in general, amounts to five-eighths 
of the copper that would be required for a two-wire system using 
one-half the total voltage between outside mains. As explained in 
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article 4 the amount ot copper reqiiireil varieB inversely as the 
square of the voltage used. 

Single-phase current may be supplied to Edison three-wire 
distributing mains by a single transformer having two secondary 
coils properly connected in series to the ontside mains, the middle 
main being connect^-d to the junction of the two secondary coils. 

93. Banking of Transformers. Two service mains may be 
supplied with current by two or more transformers with their pri- 




— oVoffa—~— 
Pig. 191. 
maries connected in parallel between the supply mains, and with 
their setrandaries properlyconnected in parallel to the service maius. 

Fig. 1112 shows two transformers properly "banked" so as to 
supply current to the two service mains a and b. In many large 
transmission systems, such as the Niagara- Buffalo, a dozen or more 
large transfoniiers may be banked (on each phase) for step-up or 
step-down trauMforniation. 

94. Connections In Series (Current Transformers). In some 
of the older systems of distribution by alternating currents, it 
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was deaired that each receiving unit (arc lamp, for example) sbonld 
receive a constant current equal to the whole, or to a definite frac- 
tional part, of the constant cnrrent delivered by an alternator. 
Tliie condition can be realized by supplying each unit or group of 
units from the secondary of a separate and distinct traoBformer, 
the primaries of all the transformers being connected in series aa 




Fig. 192. 
shown in Fig, 103. in which P, P', P", P'", etc., are the primaries 
of the re3])ective transformers; S, S', 8", S'", etc., are the trane- 
former secondaries; and A, A', A", A'", etc., are the receiving unite. 
For this kind of service, where the primary of a transformer is 
supplied with a tlfji'nife current, and it is desired that the trans- 
former shall deliver to a receiving unit a current which is equal to 
an invariat)le fractional part of the primary current, irrespective 
of variations of resistance in this unit, the transformer must be 
designed to take as small a magnetizing current as possible, for, 
according to the discussion in article 88, it is the magoetiz-ng car- 
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teat that disturbs the ideal relation of primary to secondary cnr- 
rent in a transformer. A transformer which is specially designed 
to realize this condition is sometimes called a current transformer. 

The transformer used in connection with the composite Held 
excitation of an alternator, as shown in Fig, 95, is a current trans- 
former which delivers a current equal to a definite fraction of the 
current output of the alternator to the rectifying commutator. 

The current transformer is frequently used for sending current 
equal to a definite fractional part of an alternating current through 
an ammeter from the reading of which, tt^ther with the known 
ratio of current transformation, the Talae of the whole alternating 
current is deduced. 



(a]= Cfl=' ^^' Cgl"" 

Fig. 198. 

The current transformer here described must not be confused 
with the so-called con$tant>current transformer described in arti- 
cle 108d, which receives variable current from a constant voltage 
supply, and delivers a constant current to a group of receiving 
units connected in series, the delivered current being constant irre- 
spective of increase or decrease in the number of receiving units. 

The connection of a transformer primary in series in a circuit 
containing many other elements (lamps) so that the current pass- 
ing through the primary does not vary much with the varying re- 
sistance of the circuit to which the secondary of the transformer 
delivers current, gives rise to actions which are not very familiar 
to electrical engineers, for the reason that this arrangement is now 
seldom used in practice. The actions, however, are interesting. 
They are as follows ; 

Fig. 104 represents a transformer primary P connected in 
series in a circuit containing many elements c, e", <■'", e", etc. 
(lampe). The action will be described in two steps — namely, (a) 
on the assumption that the magnetizing cunent of the transformer 
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it))oiit the aid of this i 



nplifyinfi 



IB always iiegligiblt?, and (fi) v 
assuinption. 

(a) If the lUBguetiniag current Is always negligibly emal!, then the 
ourreut In A Is e<|UHl to a fixed fractional part of the sensibly coustant 
current in tbe main circuit, bo that any Increase of the reelatauce or react- 
ance of A must be accompanied by a corresponding increase of the 
voltaf^ E", which is pushing current through A ; and this uiutit be accom- 
panied by a corresponding Increase of tbe voltage K' between the terminals 
of the primary coll P. Thus, if A has zero resistance and zero reactance 
then E" Is Mro, and E' Is zero. That Is, the current in tbe main circuit 
Sows through P without any opposition at all, Just as If P were a conneo- 
tion of zero resistance. 




Fig. 194. 

If the resistance or reactance of A Is increased, K" (and also E') must 
increase, which means that the current in tbe main circuit encounters 
greater and greater opposition In fluwiug through P. 

If theclrcultof A Isopeued (infinite resistance), then, on tbe above 
aBBumptlou of negligible magnetising current, the opiiosltlon to tbe flow 
of current In P becomes infinite, so that breaking the circuit of A is equiv- 
alent to breaking tbe main circuit. 

(6) As a matter of fact, as the resistance or reactance of A la iu- 
creased, causing an Inci'easeof K" and E', the magnetism of the transformer 
core must Increase proportionally with E" and E' In order that these 
Increased voltages may actually be Induced In the transformer colls; and 
this increase of magnetism of the core requires more and more maguetl/.- 
ing current. (It must be remembered that the magnett^ting current is that 
part of tbe primary current whose magnetizing action is Dot balanced or 
annulled by the secondary current as explained In article 8H.) The mag- 
uetizhig current, therefore, Is not, always negligible irrespective of tbe 
resistance of A. In fact, when the resistance of A is infinite (open cir- 
cuit), there Is no secondary current; all the current tn tbe coll P la mag- 
uetlxtug current ; and the voltage K', which opposes the flow of current 
through P, rises ouly to that value which corresponds to the degree of 
magnetism of tbe core that can be produced by tbe magnetizing action of 
the whole prlmar>' current. The transformer then becomes simply a 
choice coil. 
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95. The Auto-Transformer. Given a source of supply of 
alternating current; This current may Iw delivered to a receiving 
unit in tbree ways: 

(a) By counectiug the uuit directly to tbe supply maiue. 
(6) By coDuectlng the unit to the aeeondary of a trauuformer of 
which the primary la couuected to the supply maius. 
(c) By a combination of methods a aud b. 

The combination method may he realized with any ordinary 
transformer; and when an ordinary tranefonner is so used, it is 
called ao auto-traitftformer. 

It will appear iu the following discussion that when the voltage of 
tbe supply differs but little from the desired service voltage, the combina- 
tion method Is much preferable to the method In which the trausformer 
aloue la used, because of the fact that a smaller tranafontier aufllcea, and 
because the combination method involves le^ enerf^y loss. This combi- 
nation or auto-transformer method is quite simple of treatment when 
attention Is confined to a particular case; but it is complicated when a^ 
tempt 1b made to give It a general dlscuHsiun, that is, when attempt Is 
made to discuss all tbe theoretically possible ways in which a given ordi- 
nary transformer may be used as au auto-transformer. 

In Fig. 105 A and B are alternating- current supply mains, 
between which the voltage is say 100; C and D are service mains, 
to whicb it is desired to deliver alternating current at 90 or 110 
volts; P and S are the primary and secondary coila of an ordinary 
transformer. The primary P is connected to A and B as shown. 
The secondary H has one. tenth as many turns as P, therefore the 
voltage induced in S is one-tenth of the voltage acting on P. or 10 
volts. r>et the dotted arrows represent the directions of the iiiduced 
electromotive forces in the two eoile at a given instant. Then the 
long heavy arrow will represent the direction of the voltage between 
the mains at the same instant, inasmuch as the induced voltage in 
tbe primary coil of a transformer is always opposed to the supply 
voltage. 

(«) Aiito-Step-up Transformation. The 10 volts indnced 
in the coils, Fig. 195, will help push current into the service mains 
if we connect from supply main A, out of which the current at the 
given instant is tending to flow, to terminal <j of coil S, connect 
from terminal _/" to service main C, and connect from service main 
D to supply main B, as shown by the dotted lines. In this case, 
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Fig. 195. 



the voltage induced in the coil S is added to the supply voltage, 
and the eemce voltage is therefore 110 volts. 

(/)) Aiito-Step-down Trunifformat'on. The ten volts in- 
duced in the coil S will oppose the flow of current into the service 
mains if we connect from supply main A to terniinaiy, connect 
from terminal y to service main 0, and connect from s 
D to supply main B, ae shown 
by the dotted lines in Fig. 19(i. 
In this case the induced voltage 
in the coil S is subtracted from 
the supply voltage, and the serv- 
ice voltage is now 90. 

Current Relations in the 
Auto-Trsnsformer. In Figs. 
195 and 106 the directions of the 

induced voltages in P and S are shown by the dotted arrows. These 
induced voltages are in the same direction in the two coils. The 
currents in the two coils of a transformer are, on the other hand, 
always in opposite directions, inasmuch as they balance each 
other's magnetizing action. Suppose for the sake of concreteneas 
that ten amperes are delivered to the service mains. Then we 
have the following relations : 

he aame direction as 
e ampere (uu»-teutli 
iB much eurreDt, since there are ten times as many tumB in P aa in 8) 
flows through P In opposition to Ilie 
luduced or counter elei;tromutlve 
force of 100 volts. Theiefure the coil 
P takes 100 watta from the supply 
Is *^ < mains, which power is transferred 

ici P ]te 3 I to the coil y by ordinary transformer 

'S '@? * action whence It is given out (ten 

S ~ volts pushing ten amperes) luasuist- 

—3- — ^ ^—^^— iug the flow of current to the service 

mains. The total powerdelivered to 

CDia evidently 1,100 watte (10 am- 

a the total power taken from the supply 



-=1) (f— 



Fig. 196. 



peres at 110 voltsi, and of c 

mains is 1,100 watts (II amperes at 100 volts). 

((j) Ten amperes flow through S, Fig. 196, in a direction ojipvsiteto 
the ten volts of induced electromotive force, so tliat oue ami)ere flows 
through P in the same directiun as the mduced electromotive force of lOO 
volta. Therefori;, of the 1,000 watts delivered by the supply mains JD fore- 
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lag the ten ampeiee through H aod through the service malnit, 100 watts 
are delivered to the coll S, and 900 wattn are delivered tu the service niatiis 
(IOaiii|>ere8&tOO voltn). Tlie 100 watls delivered to K are transferred by 
transformer action to the coil P, aud delivered bj P back to the supply 
mains. 

It is to t>e particularly noted that only 100 watta are Involved iu the 
above as genuine transformer action, although 900 or 1,000 watts are actu- 
ally delivered to the service mains. 

96. Use of Transformers In Poly[diase Systems. A poly- 
pbase traiiBmission Bystein is esaentially the utilization of two or 
three entirely separate and distinct eiiigle-phase transmission sys- 
tems of which the separate and distinct electromotive forces or 
CDrrents are maintained in definite phase relations with each other 
by mechanical connections in the generator. Step-up or step-down 
transformation in a polyphase system is accomplished, in general, 



,0 




Fig. 197. 



Fig. 198. 



by a separate and diatiiiut trAnsfonner of the ordiiiitiy typi« for 
each phase. 

97. Transformers on a Two-Phase System. Fig. 197 shows 
a two-phase system io which the current of each phase A and B is 
transmitted over an entirely independent circuit, and the electro- 
motive force of each phase is stepped down for up) by an ordinary 
transformer P'S' and P"S" respectively. Fig. li)8 shows what is 
called the thrve-wifo, tini-j>li'iHi- ni/xtem, in which one line wire is 
used as a common return wire for both phases, and whei-e two 
ordinary transformers P'S' and P"S" are used for stepping the volt- 
age down (or up). These two figures contain all that is essential 
in the step-down or step-up transformation of a two-phase system. 

9B. Transformers on a Three-niase System. The usual 
transmission line for a three-phase system cousists of three wires, 
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each wire Iteing in effect a coiiinion rotiirn for currents that pass 
out over tbe other two. In thie case, t)ie usual arrangement for 
Btep-down (or step-iip) transformation is to connect the three pri. 
niaries of three ordinary transforiuerB to the supply mains, using 
either Y or A connections; and to connect the three secondaries to 
the service mains, using either Y or A connections. Further- 
more, the primaries may be Y-connected and the secondaries 
A-connected, or vife-verta. The A connections of both primaries 
and secondaries is preferred in practice, inasmuch as with this 
arrangement the complete three-phase step-down (or step-tip) 
transfonuation is still effected even though one transformer may 




Fig. 199. 



be entirely disconnected l>ecau9e of burn-out or break-down. In 
such a case, however, the two remaining transformers do not have 
two-thirds of the transforming capacity of all three, but only -^'*J'^ 
of ^ — 0.507 as much, or a little over one-half the capacity. 

Fig. 199 shows three ordinary transformers PS', P"8", and 
P"'S"', with their primaries A-connected to three- wire, three-phase 
supply mains 1, 2, and 3; and with their secondaries A-counected 
to three-wire three-phase service main? a, b, and c. 

Fig. 200 shows the arrangement of Fig. 109 with one of the 
transformers P"'S"' uuiitted (any one of the three may l>e omitted) 
This arrangement (Fig. 200) is operative for three-phase, three- 
wire step-up or step-down traneformation, except that its power 



,v Google 



224 ALTERNATING CURRENT MACHINERY 

capacity ie only about 57 per cent of llie jwwer cajMii-ity of the 
arrangement in which three similar traii^rornierB are uaeil. 

99. Polyphase Transformers with Compound Magnetic 
Circuits. Let A and B, Fig, 201, be the two separate transformers 
to be need for step.iip or atep-down transformation on a two-phase 




Fig. 300. 

system. Each iron core may have its own return circuit for the 
magnetic flux; or a single magnetic return may he usihI for the 
two as shown in Fig. 202. In the latter case only 1.4 as much 
iron need be used for the common return as would have to Iw used 
for each single magnetic return. 



Fig. 201. 

Similarly, three transformers A, B. and C, I-'ifi. 20.<1, used for 
Btep-up or step-down transformation on a three-phase system, may 
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be combined magnutieally so that each traneforiiier com is the 
m^netic return for the other two, se shown. 




TRANSFORMATION OF TWO-PHASE TO THREE-PHASE CUR- 
RENTS, AND VICE VERSA. 

loo. Pha5e Transformation. Given a two-phase* supply 
connected to the similar primaries of two traneforraera. Tiien ait 

ehftromotive fiin-e uf any desired v<tljie ami of any dcxlreil phase 
may be produvtd, as follows: 



Fig. 208. 

Fig. 204 eliowB tbe two-phase supply mains connected to the 
similar primaries P' and I'" of two sejiarale transformers. On 
core A is wound a secoudary coil ". and on core B is wound a sec- 

* Or tbree-phase supply. The discussion or phase traaaformatlon Is, 
however, mucb "impter wltli a two-pliase supply. 
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ondary coil A; these two secondary coils are connected in aeriea, 
and the desired electromotive force E is produced by the two sec- 
ondary coils in conjunction. lu order that the desired electromo- 
tive force E may be produced by coils <t and h jointly, the follow- 
ing conditions must be fulfilled: 

Let the vectors A and B in the clock diagram. Fig, 205, rep- 
reaent the two two-phase electromotive forces; and let E represent 




Fig. 201. 

the desired electromotive force, Thun, coil a {F'nj. 204) must be 
woifiul ir'ith a »iijtirie/it iuiiiiher of turns of irirn to jiiailiiie the 

eomjioHi-iit a of E; and cuil b wu/ct hi-. ipiiuihI vith a sajficient 
nvmher of turns if wire to j>roiltiir. tlic- eomjiondiit h of E. See 
Fig. 205, 

4B 




Fig. 206. 

The general two-phase, three-phase transformer consists of 
two separate iron cores wound with similar ])rimnry coils I" and 
P", which are connected to the respective phases of tho two-phase 
system, as shown in Fig. 204-; itiid I'lirh of tJu: tu-n.plinie vhti-tro- 
?notive forrcs is j>roi/ w;-// hij a jiuir of Hfi-omliiry rol/n, one irn 
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ciifh criri'. Each of these jHi'm of coils we shall call a iiiiH. 
These three iinitB, in geiierftl, may be either Y-connected or A- 
connected to three- wire three-phase service mains. 

The general two-phase, three-phase transformer ia greatly 
Bimplified if we choose to have owe of the three-phatie electroiiu>th6 
fnreea in pimne with one of the two-phase electrumotive fiirt-es. 
Tims, if E, Fig. 205. is in phase with B, then E may be produced 
by a single secondary coil on core B, instead of being produced by 
a pair of secondary coils, one on each core, 

loi. The Scott Transformer. The two-phase, three-phase 
transfoniier permits of still further simplification if the A connection 
of the three-phase units is exckided, that is, if the thrue-phase units 
are to l)e adapted only for 
Y-eoDnection to the three- 
phase mains. This ultimate 
si 111 pi ideation is realized in 
the Scott transformer. 

In this transformer three 
secondary coils only are nsed, 
one on core B, Fig. 204, giv- 
ing the electromotive force i. 
Fig. 20fi, and two similar 
coils a and c on core A, Fig. 
20i, giving the electromotive 
forces a and <-, Fig. 20(>. The 
points 1, 2, and 3, Fig. 206, 
are at the angles of an equi- 
lateral triangle. One terminal 
of each coil a, b, and c is 
brought to a common con- 
nection represented by the pointO, Fig. 20l>; and the other terminal 
of each coil is connected to one of the three-phase mains. The 
[)oints 1, 2, and 3, Fig. 206, represent the three-phase mains. 
Now, from an inspection of Fig. 200, it is evident that the electro- 
motive force a helps to push current in a receiving circuit from 
main 1 to main 2; while electromotive force i opposes a in this 
resjiect. Therefore the electromotive force from main 1 to main 
2 is « - l>, as shown in Fig. 207. Similarly the electromotive force 




Fig. 207. 
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b helps to piiHli current in a receiving circuit from main 2 to main 
|3, while electromotive force c opposes A in tbis respect. Therefore 
the electromotive force from main 2 to main 3 ia b - c, as shown 
in Fig. 207, Lastly the electromotive force c helps to push current 
in a receiving circuit from main 3 to main 1, while the electromotive 
forced opposes f in this respect. Therefore the electromotive force 
from main 3 to main 1 is c - i, as shown in Fig. 207. 

This discussion shows that the electromotive forces between 
mains 1 to 2, 2 to 3, and 3 to 1 have the common value £ volte, 
and are 120' ajiart in phase, provided 

A = E COB 30". 
and (f ~ (- ^ F Bin 30". 



From the clwk diagram, Fig. 207, it is evident that the com- 
mon junction of the two coils a and '' is a point totoartta which the 
electromotive force in one coil is 
pushing, and />vwi which the elec- J 8 

tromotive force in the other coil is g 

pushing at the same instant. There- 3 

fore the common junction of these g^ 

^ I 



"iwps^ 



■^pggggKHwTnonflfmtftr^ 



Fig. 208. 



two coils may 1h) thought of as l\i& miihlh j>ii!nt oi one con tin- 
Dously wound eccondary coil on core A, as shown in Fig. 208. 

A clear idea of the ticott transformer may now be obtained as 
follows: Two similar cores have similar primary coils, which are 
connected to the respective phases of a two-phase system. One of 
these cores has a secondary winding i, Fig. 20S), one end of which 
is connected to one of the thre<'-i)haae mains (main 2, as shown in 
Fig. 209), and the other end of which is connected to the middle 
point of the secondary winding a r, which is wound on the other 
core. The terminals of the winding nc are connected to the 
remaining two of the three-phase mains (mains 1 and i), as shown 
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2 
in Fig. 209). Tlie entire secondary winding ai- has — q times as 

many tnrns of wire as the coil h \ that is, 1.16 times rb many turns. 

The complete conDoctions of the Scott transformer are shown 
in Fig. 210. 

The three-phase system requires less line copper than either 
the single-phase or the two-phase systems to transmit a given 
amount of power with a given line voltage and with a given loss. 
Hence, for the long-d istance transmission of electric power, the 
three-phase system is universally adopted in this country. For 
the local distribution of electric power, on the other hand, the two- 
phase system offers certain advantages. It is often the case, there- 
fore, that two-phase alternators are need to generate alternating 
currents at a central station, and that two-phase currents are used 
for power and lighting purposes in the neighborhood of the station. 
When, however, power is to be transmitted to points fifteen or 
more miles distant, it becomes desirable, as explained above, to use 
the three-phase system. It is in such cases, especially, that phase 
transformation is used. 
The Niagara-Buffalo 
transmission is the best 
as well as the most ex- 
tensive example of this 
practice. Power is gen- 
erated by eleven 5,000- 
horse-power, two- phase 

alternators at 2,200 p| gio. 

volts. A large part of 

this power is distributed to factories and chemical works in the 
vicinity of the central power plant. A large amount of power is 
transmitted to Buffalo, a distance of eighteen miles, by means of 
three-phase alternating currents derived from the two-phase alter- 
nators by two-phase, three-phase transformation. Scott trans- 
fonners are usod; and the two-phase currents at a voltage of 2,200 
are stepped up to 22,000 volts, and at the same time are trans- 
funiied to three-phase currents. At Buffalo, the three-phase, high- 
voltage currents are stepped down to about 2,200 volts, and are 
transformed back into two-phase currents, also by Scott tbree- 
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phasi', t\vo-])liaBU tranaforniers. The 2,'iOO-volt two-phase cur- 
rents are llieii distributed by feeders and service iiiaine for light- 
ing and power purpoaea throughout the city. 

loa. Transformer Losses. The power output of a trans- 
former is less than its power intake because of the losses in the 
transformer. These losses are : {(/) The iron or core losses due to 
eddy cunvnts and hysteresis; and (h) the copper losses due to the 
resistances of the primary and secondary coits. 

((f) Tlie iron losses are practically the same in amount at all 
loads. They depend upon the frequency and range of the flux 
density ^ upon the quality and volume of the iron, and upon the 
thickness of the laminations. 

The hysteresia loss, in watts, is: 

w. -■v^;/»'^ (34) 

in M-hich/^is the frequency in cycles per second; ^ia the maxi- 
mum flux density in the iron core, in lines per square centimeter; 
V is the volume of the iron, in cubic centimeters; and ij ia a con- 
stant depending upon the magnetic quality of the iron. For an- 
nealed refined sheet iron the value of >j is about 2 X 10 ~ '". 

TABLE IV. 
Transformer Efficiencies, Losses, Etc 
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Tlio eddy current loss, in watte, is: 

W. = iYft-se, (3S) 

in whicli I is the tbicknees of tbe laminations, in centimetere ; and 
i 18 a constant df[)ending upon the specific electrical resistance of 
the iron. For ordinary iron the value of h is about 2.5 X 10 ~ ". 
Insutbcient inBulation of laminations causes excessive eddy cur- 
rent loss. 

Equations 34 and 35 may be used for calculating tbe hysteresis 
and eddy-current losses in any mass of laminated iron subjected to 
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Ptn oorr normai. currur 
Fig. 211. 

|)eriodic magnetization, sui^b ae alternator armatures, and the rotor 
and stator iron in nn induction motor. 

(b) The copper loss, in watts, is : 

W, = KT= + R'T". (36) 

This loss is nearly zero when the transformer is not loaded; it in- 
creases with the square of tbe current; and becomes excessive when 
the transformer is greatly overloaded. 

103. Translormer Efficiency. Tbe ratio j"'"''"'' '"itput -f- 
powur intal'v is called the effivliiiify of a transformer. 
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Tabic IV. on ])B^ '2iiO, bIiowh tlm efticieucies, losBes, etc., of 
a series of transfoniiere di'sigiied and luaimfacturcd by a large 
American company. Tbeee transformers are designed for a fre- 
quency of 00 cycles per second, and a primary voltage of 1,040 or 
3,0^0 volts, according to wlietlier tbe two balves of the primary 
coil are connected in parallel or in series. 

Fig. 211 shows graphically the relation between the efficiency 
and the jwr cent of normal output for a 150-K.W. Westinghouae 
transformer designed for 15,000 volts secondary, 500 volts primary 
(atep-upl, and a frequency of GO cycles per second (7,200 alterna- 
tions per minute). 
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PEK CENT LOW 

Fig. 212. ■ 

Fig. 212 shows gmpliically the various losses and the effi- 
ciency of a Westinglionse air-blast transformer rated at 550 kilo- 
watts used to step up from 500 volts to 10,500 volts at a fre- 
quency of 25 cycles per second (.'f.(X)0 alternations per minute). 

In Fig. 212, the curve representing the iron loss is plott^ as 
a horizontal straight line because the iron loss for a given trans- 
former is constant for all loads. The curve representing the cop- 
per loss is a pirabola. Tlie etticiency of a given transformer is a 
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maximum at ibat load for n'liicli the iron lo^s is t'liiial to tbe cop- 
per loss. Tliis load is evidently the ahsclBsa of tbe point at which 
tbe iron-loBS line intereecta tlie copjier-losa curve. As Been in Fig. 
212, the maximum efficiency occurs at abont 101 per cent of full 
load, and at any other load (for the given transformer) tbe efficiency 
will be less than at 101 per cent of full load. 

Calculation of Efficiency. Tbe transformer output (uon- 
inductive receiving circuit) is E"I". Tbe internal loss is W^ + 
"W, + W,, so that the intake ia E'T" + W^ + W. + W,, and the 
efficiency ia: 

All-day Effidency. I'sually a transformer is connected to 

tbe maina continuously, and current is taken from the secondary 

' for a few hours only, each day. In tlwa case tbe iron loss is 

incessant and tbe cupper loss is intermittent. The total work 

given to the transformer during the day may greatly exceed the 

total work given out by it, especially if the incessant iron loases 

are not reduced to aa low a value as possible. Tbe ratio total 

work g'tcvii out hij thu tiiiiiKfufiiti-r -h totnl work rei'^iviid hy the 

ti'aufformer ihiriny the tjnij is called tbe " all-day efficiency of tbe 

, ^ , , . . , . total watt-hoursoutput 

transformer. In other words, it is the ratio — — : r— i = r 

total watt-liours input 

during the day. Tbe all-day efficiency is given by tbe formula. 

.11-d.y .llici«„cy= ,...,.. ^ , _|_pv."+Wr) X 2 f + ^':5r< (^*) 
in which t is the nunil)er of hours during tbe day of 24 hours that 
the transformer is loaded, and I" is the average current delivered 
by the secondary while the tranafornier is loaded. Tbe other 
symbols have tbe same eigniiicance as in article 102. 

Since the iron loss of a given transformer le incessant as long 
as the transformer is connected to the primary supply mains, it 
follows that to obtain a high all-day efficiency, it is necessary to 
use a transformer whose iron loss is as small as poaaible. In gen- 
eral, if a transformer is to Iw operated at light loads the greater 
part of tbe day, it is nmch more economical to use a transformer 
designed for a small iron loss than for a small full-load copper loss. 
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Transformers are usually desi^iR-d bo that at full load tbe copper 
loBB IB appro?! ill lately equal to the iron losd. 

104. Transformer Regulation. Thesecondary terminal volt- 
age of a trausfornier falls off id value with increaeing load, and 
riaee with decreasing load. The rise of fleeondary terniiual voltage 
froiu full load to zero load (at constant priuiary applied voltage), 
expressed in per cent of the full load secondary voltage, is called 
tbe regulation of a transformer. 

£xin/ij)h: A certain 5-K.W. transformer gave a secondary 
terminal voltage of 200 volts at full load; when the load was re- 
duced to zero, the voltage roBO to 205 volts. In accordance with 
the above definition, the regulation of this traiiBfornier is : 

(205^200) ,^^ „^ 

" — '>0o — ^ ^^ P®'" ''^°'" 

The regulation of a transfoniier is smaller when used for sup- 
plying a non-inductive load (such as incandescent lamps), than 
when supplying an inductive load (such as induction motors). 
Tbe regulation of a series of transformers is given in Table IV, 
page 2j(0. 

105. Practical and Ultimate Limits of Output of a Trans- 
former. AVhen the secondary current of a transformer is in- 
creased, the secondary electromotive force drops off, and the power 
output increases with the current, reaching a maximum as in 
tbe case of tbe alternator. This maximum power output is the 
ultimate limit of output of the transformer. Practically, tbe out- 
put of a transformer is limited to a much smaller value than this 
maximum output, (it) because of tbe necessity of cool running; (b) 
becauBC in most cases it is necessary that tbe secondary electromo- 
tive force he nearly constant; and'(o) because the efficiency of a 
transformer is low at excessive outputs. 

Small transformers have relatively large radiating surfaces; 
and in such transformers tbe recjuirements of a small regulation, 
as a rule, determine the allowable output. 

Large transformers, on the other hand, have relatively small 
radiating surfaces, and their allowable output is limited by tbe 
periiiissible rise in temperature. Very large transfomierB are 
usually provided with air passages through which air is made to 
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circulatt! hy a fan. Sometimee traiisfonnerB are subraergtKl in oil, 
whicli, by convection, carries heat from the traoBfonuer to its en- 
closing ease, where it is radiated. 

io6. Rating of Transformers. A transformer is rated accord- 
ing to the power it can deliver continuonsly to a non-inductive 
receiving circuit without undue heating; and the ratio of transfor- 
mation, together with a specifioatioD of the frequency and effective 
value of the primary electromotive force to wbicit the transformer 
is adapted, are also given by the manufacturer. 

In order to secure uniformity in the rating of transformers by 
manufacturers, the American Institute of Electrical Engineers rec- 
ommends the following rules concerning the allowable rise of tem- 
perature: 

In transfonnera for contlDuouB service, a rise of temperature of cop- 
per uot exceedlug 60° C (as measured by change of electrical resistance of 
primary and secondary colls), and a rlseof temperature of other parts uot 
exceeding 40° 0, (as measured by a tbermometer laid against the part, the 
core for example), under normal condltloasae to ventilation. 

In the case of transformerB Intended for Intermittent service, or uot 
operating continuously at full load, but continuously la circuit, as In the 
ordinary case of lighting transformers, the temperature elevation above 
the surrounding air temperature should not exceed 50° C as measured by 
resistance Itt electric circuits, and 40° V as measured by the thermometer 
In other parts, after the period corresponding to the term of full load. In 
this Instance, the test load should uot be applied until the trausformer 
has been In circuit for a sufficient time tu attain the temperature elevation 
due to core loss. With transformers for commercial lighting, the duration 
of the full-load test may betaken as three hours, unlessotherwlsespccined. 

The over-load rating of a transformer is reconunended to be 
25 per cent for two hours; and it is based upon an allowable in- 
crease of temperature of 15" C above that specified for full load, as 
given alwve. This extra rise of tem|)erature is to be measured 
after the transformer has been operating for two hours on 25 |»er 
cent over-load, the transformer having previously acquired the 
temperature corresponding to full-load continuous operation. 

When, however, transformers are to lie used with other appa- 
ratus for which an over-load capacity in excess of 25 per cent is 
guaranteed, the same guarantee should apply to the transformers. 

Abnormal Conditions of Operation. Transformers are fre- 
quently used under conditions departing more or less widely from 
the conditions specified by the manufacturer in regard to values of 
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pritiiary and aeeondary voltages, frei^uency, and current output. 
Thus, if a traiiBfonner in used with a primary applied voltage in 
excess of the rated value (frequency being unchanged), the core 
flux will be increased according to etjuation 33, and the core losses 
will be increased according to equations 34 and 35. 

If, on the other hand, a transformer is used with a frequency 
less than the rated frequency (the voltage applied to the primary 
being unchanged), the core flux will be increased according to ecpia- 
tion 33, and the hysteresis loss in the core will be increased accord- 
ing to equation 34; whereas the eddy corrent loss is uncbanged. 

It 18 evident from thealiove statements that the core loss in a 
given transformer may ha kept at a constant value by making a 
simultaneous increase of both applied primary voltage and fre- 
quency. 

Tlie increase of core loss due to increase of primary applied 
voltage, or to decrease of frequency, or to iKtth, may l>e compen- 
sated for by reducing the allowable current ontput, and thereby 
reducing the copper loss, in order that the total heating of the 
transformer may not exceed the normal amount. 

JCxnmplen, A given transformer is rated at 5 kilowatts, and 
is designed to take current from l,10()-volt mains at a frequency of 
60 cycles per second. Under these conditions hysteresis loss W|„ 
eddy current loss W„ and copper loss W^, will be called normal. 

((/) The transformer is loaded so that the output is (> kilo- 
watts at the rated electromotive force and frequency. P'ind W^ in 
terms of normal. 

(/») Tlie transformer is used at rated electromotive force, but 
at a frequency of 75 cycles j>er second. Find Wh and W„ each in 
terms of normal. 

('■) The transformer is used at rated frequency, but with pri- 
mary electromotive force of 1.5(M> volts. Find W,, and Wp each in 
terms oF normal. 

{if) The transformer is used on primary electromotive force 
of 1,500 volts. Find/ for which W^ is nonnal. 

((•) With primary electromotive force of 1,500 volta, what 
load would give normal W^^ 

Siiliitii'ii. — {ii) Increasing the output in the ratio 5 to 0, 
increases both primary current and secondary current in the aame 
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ratio, and theraforu increases R'l" and H"!'" in the ratio of ^'' to Ci'. 
Therefore the total copper Iobs become - — 1.44 times the nor- 
mal copper loss. 

{by Increasing the frequency in the ratio 00 to 75 decreases 
the Siix-density ^ in the same ratio, namely, 75 to fiO. Ilencu 

the hysteresis loss is decreased in the ratio 75' * to 60'', or( -^ 1 , or 

0.7. Therefore the hysteresis loss at the increased frequency is 
0.7 times the normal hysteresis loss. 

From equation 35, the eddy current loss is proportioned to 
f*^'. In the case under consideration, /' is increased and ^ is 
decreased in the same ratio, so that the product y^^' remains un. 
changed. Hence the eddy-current loss in a given transformer is 
independent of the frequency with given primary applied voltage. 

((-) Increasing the primary voltage in the ratio II to 15 in- 
creases the fins-density SS in the same ratio. Therefore the hyster- 
esis loss is increased in the ratio ( , - ) = I.'>4; and the eddy cur- 

rent loss is increased in the ratio ( ^r ) — l-8*>- That is, the hys- 
teresis loss becomes 1.64 times its normal value; and the eddy 
current loss becomes 1.86 times its normal value. 

(</) The hysteresis loss is proportional toy i^'"; and^ is 
E' 

*" -T.-„„- TlnB ratio -— ^ tiiiiBt liavtt tlio Baiiio value 

under the normal conditionB aB under tlie new eundicions, if tile 
hyBteresiB Iobb is to tw tlie same. That is: 

(1,100)" _ (l,500y» 

((»}" ~ y" ' 

or (1,10(1)' • X <c" = (COr X (1,500)"; 

or taking logarithms of both aides, we have: 

1.0 X log 1,100 + 0.0 X log X = 0.0 X log 00 + 1.0 X 
log 1,500; or, 0.0 X log a- = O.li X log 00 + 1.0 X log 1,500 - 1.0 
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X log 1,100; from wliicli we find x eqiml to 137 (^J■cle8 fmr second, 

(<-) The copper loss AV^, has normal valnt! when the j>riiiiary 

and secondary currents have normal value. Ther«fore, when the 



•L- 




primary applied voltage is increased in tlie ratio 1 1 to li>, the 
output increases in tlie same ratio, the current and W^ being 
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normal. Tberefore tlie output is '- X 5 K.W., or (\.H'2 kilowatts, 
to givo normal W^ with a primary a])plied voltagH of 1,500 volts. 

COMMERCIAL TYPES OF TRANSFORMERS. 

107. Core-Type Transformers. Tmnsforiiiers may botlussi- 
fie<l, acfAjrdiiiff to thw relative <lis]H>sition of tlie iroii ami copper, 
into: 

(n) Core-type trauefonuerH. 

{h) Sliell-type traiittfonuera. 



Fig. 216. 
Fig, 213 shows a complete core-ty|)e transformer without its 
case; Fig. 214 shows the complete core built upof thin sheet-h-on 
Btrips, or stampings. The two upright portions of the core upon 
wliieh the wire coils are placed, as shown in Figs. 21.'t, 21f>, and 
217, are called the fi'mh'i of the core. The short horizontal parts 
of the core that do not have windings of wire upon them are called 
yoh'ii. These yokes serve to complete the magnetic circuit, and 
they are just long enough to givo room for the coils as shown iu 
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Fig. 217, Fig, 215 shows the core with its npper connecting yoke 
removed to |>entHt of tlie slipping of the coils into position on the 
core; the left-band liinl) of the core is shown wrapped with a thick 
layer of insulating material in 
order to prevent electrical con- 
tact between the wire of the coil 
and the* iron of the core. Fig. 
210 shows the coils in place, and 
a pile of loose sheet-iron stamp- 
ings which are nsed to form the 
upper connecting yoke. 

Fig. 217 is a sectional view 
of the coniplettHl core and coils; 
and Fig. 218 is a sectional view 
of the complete transformer en- 
j.. g- closed in a cast iron case. Some- 

times this case is filled with oil. 
Half of the primary coil is place4l upon each limb of the core, and 
half of the secondary coil also is placed upon each limb of the 
core, as shown by the sec- 
tional view, Fig. 217. The 
terminals of each half of the 
primary (fine-wire) coil are 
connected to binding screws 
on a porcelain connection 
board mounted on top of the 
transformers inside the case, 
as shown at the right in Fig. 
218. The terminals of each 
half of the secondary (coarse- 
wire) coil are passed through 
porcelain bushings to the 
outside of the case as shown 
at the right in Fig. 218. 
The half coils of the primary 

may he connected in par, 

„ , , . ,. t'ig. 218. 

allelor in series accord mg to " 

the value of the voltage applied to the jirimary; and the half coils 
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Secondaries 
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Secondaries 
in Porallel 



Klg. 218. 



of tbe Bfcondary may be 
connected in parallel or in 
series according to the de- 
sired value of tbe aecond- 
aryvoltage, as explained in 
Article 91. 

Fig, 219 is a top view 
of the transformer with the 
cover of its case removed 
showing the terminals of 
tbe secondary coils, and tbe 
porcelain connection-board 
to which the terminals of 
the primary coil are con- 
nected. The change from 
series to parallel connection 
of tbe halves of the pri- 
mary coils, is effected by 
means of tbe copper con- 
necting straps S 8. 

The style of core-type Fig. SSO. HW-K.W. Cnrr-Tyiw Tmnsrormer 

transformer illustrated in 

Figs. 213 to 210 is adopted by several manufacturers for trans- 
formers of sruall output. The style of core-typo transformer 
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adopted by the (ieneral Eloctric Company for largi^r outpnts up 
to 125 kilowatts, ifi illustrated in Figs. 2"^0 to 224, which shows a 
100-kilowatt tmnsfornicr designt'd for *iO cydea, for a primary 
voltage of 30,000 volts, and for a second- 
iiry voltageof 2,000 volts. These larger- 
sized transformers are submerged in tanks 
of oil, one of whieh is shown in Fig, 224. 
and whieh are m:idH of east iron, with 
deep eornigations to facilitate cooling of 
the tank by radiation. Fig. 222 shows 
the arrangement of the eoils on the core; 
it also shows the passages l)etween the 
core and the inside euil, and Itetween the 
two coils, for the circulation of the oil. 

Oil is a better heat-cinidncting inetli- 
um than air; it carries heat from a trans- 



Oi 

Du 



(■o„,,.U.>>., ■ Fig. 2±2. 

former to the containing case nuieh better than air, so that a trans- 
former in oil will show a ninch 'lower teinjK'ratnre. The use of 
oil, moreover, preserves the insnlation, keeping it soft and pliable, 
and prevents oxidation by air; consequently, its iiso ia advanta- 
geous in producing projier conditions to maintain uniform core loss 
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and a Bii[)erior insulution. Furthermore, oil is itself a very good 
iusulator having the valuable property common to all liquid insu- 



UQflnlahtH] aud FlDlBhed KdgO' Wound Colls for Core-TTpe TnUiBformer. 

Fig. 2:23. 
lators, that it is nut {>eriiianently damaged by a puncture (from 
lightning, for example). 

io8a. Shell-Type Transformers. Figs. 225 to 228 show the 
general view and structural de- 
tails of a 5-K.\V. sbell-type trans- 
former; and Fi<;a. 220 to 231 
show the details of a 2-K.W. 
shell-type transformer. The 
shajw of the core stamplnga is 
clearly shown in I'lg. 22!'. The 
, Btain pings of the 5-K,W. trans- 
former aio shown in Fig. 225 
elam]>ed together by means of 
end-plates and holts, one end- plate 
having legs that support the 
entire structure. The stampings I 
of the 2-K,"\V. transformer are 
clamped together hy means of 
wedges driven under the ends of pjg, o^p. 

the coils; the ends of the wedges 

appear in Fig. 2iil. Two sections of the primary eoil, and one 
section of the secondary coll, of the 5-K.W. transformer, are 
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shown "nested together" in Fig. 228; the ohject of the neeting 
JB to reduce magnetic leakage. 

In large-sized shell-type traneformerB, the primary and sec- 
ondary cuils ure divided up into many Bections, which are nested 



Fig. 224. 

together with primary and secondary stictions alternating. The 
coils are wonnd on formers, tlioroiifjhly tajied and impregnated 
with insulating compound; and the core is tlieu hnilt up piece by 
piece around the assemhled coils. In building np the core out of 
the stampings, care is taken to break joints in BUCcesBive layers. 
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as. VerUi-itl Section Through &-K.W. 
Translormer. WUhout Case. 



FigB. 232 to 23!t show constructive details peculiar to very 
4arge shell-type transformera. 

Fig. 232 represents a, complete SOO-K-W. Stanley (S -K. C.) 
traneformer with the sides of the containing case removed to show 
the method of supporting 
the tranaforniiT on the bot- 
tom of the case, and to show 
also the coils of brass pipe 
through which water is cir- 
culated in order that the oil 
filling the case and surround- 
ing the transformer may l>e 
kept cool while the trans- 
former is in ojieration. The 
sides of thu containing case 
are made of flat plates of 
boiler iron which are riveted 
to the cast-iron base and the 
top plates and tlien thor- 
oughly calked. The four eye-bolts shown pass through cover and 
base plates, and serve tor attaching lifting chains to prevent strain- 
ing of the containing 

^Q^ \ ease in moving, and 

thus to prevent leaks. 
The transformer core 
and coils can be re- 
moved from the tank 
without disturbing the 
cooling coil and its con- 
nections. The amount 
of cooling water at 15' 
C (59^ F) required for 
the 800-K.W. trans- 
former, is about one 
gallon per minute, and 
the temperature of the watt-r at the outlet is about 55" 0(131' F), 
All the interconnections between the coila are made at the top 
of the transformer inside of the core, in order to be readily acces- 
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sihie. The main primary nnd secondary leads are brought up to 
the terminal boards which are rigidly supported above the coils;* 
the primary board Ijeing on one side and the secondary on the 
other. From these boards the leads are brought ont througli por- 
celain insulators in the cover. 

Fig, 233 shows the complete 

SnO-K.W. t>. K. C. transformer 

in its oil tank. 

Fig, 23+ shows a large Gen. 

eral Electric air-blast, shell-type 



Fig. SS8. One-half Set of ARwmbled 




Fig, 2OT. CroBsS©!- 



Colls lor 5-K.W. Translormer. 
transformer at that stage of construction where the core stampings 
are being Imilt up aronnd the coils, the coila being protected by 
thick strips of insulating material. In this air-blast trail a former, 
air passages or ducts are provided between the Isyers of the coils, 
and at intervals, between the core stampings, as shown in the 
figure. The air for cooling the transformer is admitted at the 
base, and psses vertically through the ducts in the coils. Air is 
also admitted to the air ducts in the core through a damper on one 
side of the transformer, and escapes throngh the perfuriitioiis in 
the casing on the opjjosito side. 
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Figs. 2-'J5 to 238 bIiow tLo method of winding the thin sec- 
tions of the coils for larjre eliell-type transforinerB; and Fig. 239 
is an end view of a large shell-type tranafonrmr, showing the ends 
of the thin eoiis Hared to allow easy access <ft oil, and showing the 
thin sheets of itisulatJng material betwe<;n the coila. 

Each thin section of coil is made of two single sections like 
that shown in Fig. 237. These two single sections are laid to- 
gether with a sheet of insulation between them; and the inside 
terminals of tlie two single sections 
are soldered together, so that the 
two outside terminals of the two 
single sections constitute the two 
terminals of the double section, as 



PI.. «n otrvB os.,.,..^™,.— r^~ Fig. 231. Perspective view ot 

"8- ao- *-K-W. "^nstormer. Core ^^re and CnTls of S-K,W. 

and CollB. End view. Shell-Type Transformer. 

shown in Fig. 238. This double section is thoroughly wound with 
tape, and is impregnated in a vacnuni with melted insulating mate- 
rial. Tile effectof the vacuum is to extract all the air from the coil 
80 as toallow the melted material to impregnate the coil completely. 
108b. Cooling of Transformers. Transforms r-s of moderate 
size have large radiating surface compared with their losses. Such 
transformers, therefore, can radiate the heat due to core losses and 
copper losses without excessive rise of temjjerature. 
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A transformer which is twice as largB as a giveu transformer 
in length, in breadth, and in thickness, has eight times as much 
volume but only four times as much radiating surface as the latter. 
The larger transformer having nearly eight times the losses and 
four times the radiating surface of the smaller transformer would 



ll-T)pe Transrormer Wllhoui Casing; a.lioo VoIib Primary 



rise tu a much higher teiii [terature tban the smaller transformer in 
order to radiate the heat due to its losses. Large transformers 
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mnst, therefore, be provided with special means for cooling. It is 
ipucli cheaper to provide special cooling devices than to attempt to 
make the transformer large enough to keep cool by natural 
radiation. 



Fig. 283. 

Various methods of cooling are adopted in practice, according 
to which a classitication of transformers may be made as follows: 

1. Belf-cooling dry transrormets. 

2. Belf-cwillugoil-fllled transformers. 

H. Transformers cooled by forced current uf air. 

4. Transformers cooled by forced current uf water. 

a. Transformers cooled by combination of above means. 

Self-CooIing Dry Transformers. These transformers are usu. 
ally of small output, and no special means of cooling is provided, 
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Fig. 3H. Sbell-Type TrsDslormer In PriH.< 




Fig. SS7. Sin elf Section 
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die natural radiation being depended upon for cooling. Some 
largerones up to 50 K.W., are also made in tins way; but they are 
heavier and more expensive than if specially cooled. 

Self>Cooling, Oil-filled Transformers. Transformers of this 
type are very generally employed, the entire core and coils being 
immersed in oil. Transformers are practically always enclosed in 
a cast-iron or sbeet-iron case, and this Is simply iilled with oil. 
No increase in cooling surface ia thereby secured, but the natural 
circulation of the oil tends to 
equalize the temjwrature of the 
various parts, and carries the 
beat to the case, from which it is 
radiated. In most self-cooling 
types, the case is made with ex- 
ternal ribs or corrugations to 
■ increase its radiating surface. 
The large volume of oil also ab- 
sorbs considerable heat, so that 
the temperature rises more 
slowly. Hence, for moderate 
periods of operation, up to 3 or 
4 hours — which is ordinarily 
sullicient in electric lighting — 
tlie maximum tern j>erature would 
not be reached. Another ad- 
vantage gained by this arrange- 
ment is an improvement in in- 
sulation. This is due to the high 
insulating qualities of the oil 
itself, and to the fact that a dis- Pig. 239. 

ruptive discharge takes place 

through it much less readily than througli the air that it displaces, 
distances being the same. This arrangement possesses, moreover, 
the powerof self-repairing any break in tlie insulation. If ordi- 
nary materials, such as cloth or mica, become punctured, they lose 
their insulating properties, and the apparatus cannot be used until 
the fault is repaired, which oi^dinarily involves considerable time 
and expense. On the other hand, if oil is punctured, it tends to 
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close ill and repair ilia break, unless tliediecliar^ lasts so lon^ that 
a I'liarring occurs, which inky make a ]>er]imueiit conducting path. 
The chief objection to tlie use of oil ie the danger of lire. If 
a short-circuit occurs inside the transformer, the oil may be thrown 
out and ignited at the same tirae; or a fire started in any other way 
might he made far more disastrous than it would otherwise be 
owing to the presence of a large quantity of oil. In this way, 
several power plants have been destroyed by fire with large loss of 
property. There is no special precaution that will entirely elimi- 
nate this risk; but care in locating such transformers, in avoiding 
overheating, and in protecting the machines by effective lightning 
arresters, will reduce the hazard. 




Fig. 240. - 

Alr-Blast Transformer*. These transformers are now com- 
mooly employed, and have advantages over those of the oil-cooled 
type, iu that the danger of fire is avoided, and the cooling effect 
can be regulated in accordance with working conditions. They are 
so constructed that air can circulate through and around the core 
and coils, the ventilation l>oiiig forced by a blower driven by a 
motor. A transformer of lOO-K.W. capacity requires about 350 
cubic feet of air per minute at a pressure of 0.4 ounce jier square 
inch, the power consumed being less than one-tenth of one per 
cent of the full-load output of the transformer. The flow of air is 
controlled by damjiers; and the proj)er amount of air can be deter- 
mined from its temperatnre as it issues from the top; ordinarily 
this temp<irature should not be more than 20'C above the tempera- 
ture of the room. 

Fig. 240 shows a bank of six large air-blast transformers sup- 
ported on I Iteaina over an air chamber-snjipUed with air from a 
fan blower. The air passes in at the bottom of each transformer 



,v Google 



ALTERNATING CURRENT MACHINERY 258 

case, ]>titi«trate8 through ducts in tliu core hiuI t-oUs, and piisacfi out 
at tile top of the case, as shown in Fijr, 241, 

Water-Cooled Transformers. Tranaforniers in wbicli water 
is need for cooling, are also oil-filled in most easeB. Acoutinnoua 
flow of cool water is nmintained, either through pipes imuiersed in 
tlie oil, through a water jacket formed in the casing, or through 
the hollow or tubular condnc-tors (primary or secondary) tlieui- 
aelves if they are aufliciently large. This is the most effective 
method of cooling. It is 
very convenient for water- 
power plants, the supply of 
water being at hand; but 
where a natural flow is not 
available, pumps or the city 
water mains may be utilized. 
It is found that about one- 
half gallon of water per min- 
ute is Buflicient for a ISO- 
K.W. transformer. This 
type requires the leastweight 
of iron and copper for a 
given output, since its heat 
is carried away most rapidly. 

Instead ofhavingaflow pig, 241. 

of water, the oil Itself may 

be drawn off, cooled, and then returned by means of a pump 
driven by a iTiotor. 

Note, lu any of these types of transformers depending upon fuieed 
circulation of air, water, or oil, if i> vitaily important to aroid any stoppage 
of th^ flow, as this is likely to cause a burn-out of tbe transformer coils. 

I08c. Series or Current Transformers. It was pointed out 
iu article 94, that a transformer intended for giving an accurately 
fixed ratio between primary and secondary currents, must be so 
designed as to have a very small magnetizing current. Fig. 
242 shows a general view of a small current tranaforriior designed 
for use iu connection with a switchboard ammeter, and made by 
the Wagner Electric Manufacturing Company, of St. I^ouis, Mo. 
The core of this transformer consists of a number of ring-shaped 



,vCoogli 



C/ 



2&i ALTERNATING CURRENT MACHINERY 

etampings aBseinblttd on a double- barreled porcelain tube. In gun> 
eral appearance it reeen)b1es the core of a drum armature. 

The main that carries the large alternating enrrent to be 
measured, passes throngh one bole in the porcelain tube, and eon. 
Btitntee the primary coil of the transformer. The secondary wind- 
ing consists, say. of ten loops of relatively siiiall wire threaded 
through the otliyr bole in thetube. The terminals of the second- 
ary coil are connected to the switchboard aninieti-r, Tlie secondary 
cnrrent (ten turns of wire being used in the secondary coil) is 
one-l*int]i of the current in the main; and the ammeter readings 
muBt therefore be innltijilitHl by 10 to give the current in the 




FiB- 24: 



main, or the ammeter may be calibrated to read tlie current in the 
main directly. 

The electrical connections for a series transformer have been 
described in article 94. In Fig. 19-t the coil A, in series with the 
secondary coil S, may represent the switchboard ammeter. 

Tbe question may arise as to why the switchboard ammeter la not 
cotineeteil as a abuut across the tenuiualsofaluw-resietauce link inserted 
Id the main circuit whose current is to be measured, exactly as In tbecase 
of switchboard alnmeters for direct ctirrente. There are two reasons why 
this arraugement would not be permissible ; 

(a) All altematiug current does not divide between two branches 
of a circuit In inverse proportion to the realstaiicea of the branches, when 
either branch has inductance. Therefore the reading of a shuuteil 
alternating-current ammeter cannot be multiplied by a constant factor 
to give the total current In the main circuit. 

{b) It is objectionable to have the ammeter in electrical connection 
with hi^h-voltage mains. The use of the series transformer Is therefore 
preferable ou the grounds of both accuracy aud of safety. 
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io8d. Constant-Current Transformers. Tim ootiBtant-ciir- 
r«nt traiisfornnir is a tiaiis former sjwcially (it-signed to tak« a 
nearly constant current at varying angles uF lag from constant- 
voltage inaitiB, anil to deliver a constant current from its secondary 
coil to a receiving circnit of variable reBietance. The action of 
tliis transformer is as follows: 

The primary coil P and the secondary coil S of the trane- 
fonner surronnd a long, laminated -iron core, as shown in Fig. 243. 
This core, and the yokes at the top, bottom, and sides, form a 
double magnetic circuit. The magnetic flux c]>, which at a given 
instant passes through the 
primary coil, flows partly 
through the secondary coil as 
the useful flux U, and partly 
leaks across between the pri- 
mary and secondary cuils as 
the leakage flux L. 

The leakiLge flux L, in 
flowing across the aif spaces 
from core to yokes, consti- 
tutes an intense magnetic 
field which pushes up on the 
secondary coil. The second- 
ary coil is suspended, and 
partly counterbalanced by a 
weight, so that the upward 
push of the leakage flux just 
sufHces to sustain the coil, 
receiving circuit is increased 




Fig. 243. 



If the resistance of the secondary 
iimediate result is to reduce 
the secondary current below its normal value, which lessens the 
Dpward push of the leakage flux on the secondary coil. The sec- 
ondary coil then, owing to the unbalanced action of the weight, 
moves down towards P, the leakage flux is lessened in amount, 
and the useful flux U is increased in anmunt. This increase of 
useful flux increases the induced electromotive force in S; and the 
downward movement of, S continues until the induced electromo- 
tive force in S is large enough to produce the normal value of the 
current through the increased secondary resistance. 
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Similarly, a decreaee of reBistance of the secondary receiviug 
circuit causes a moraeotary increase of secondary current which 
increases the upward jmsh on the secondary coil. This coil moves 
upwards until thesecondary current is reduced to the normal value. 

The following table shows the approximate coostancy of 
secondary current in a constant -current transformer supplying 
current to a varying namber of arc lamps connected in series to its 
secondary coil: 

TABLE V. 
Constant-Current Translormer Data. 

Test of a 50-light, fi.O-ampere constant-current transformer, 



frequency 


60 


cycles 


per 


second. 






Primary 




Numbe 


rof 


Vjili«^per 


















Ainperm. 


•2.mt 




50 




7(i.(i 


3,8.10 


6.60 


2200 




40 




77.8 


3,105 


6.70 


2,m 




30 




77.2 


2,315 


6.67 


2,200 




2& 




R1.4 


2,m.^ 


6.66 


2,200 




20 




84.2 


1,685 


6.65 



With 50 lamps, the primary current is 14,83 amperes; and 
with 20 lamps, is 14,78 amperes. In the latter case, the primary 
current lags 71° behind the primary applied voltage; the power 
factor corresponding to this angle is 0.326; and the power received 
from the mains is 2,200 X 14.78 X 0.326 = 10,600 watts, or 530 
watts per lamp. With 40 lamps, the primary current lags 55° 
behind the primary applied voltage; the power factor correspond- 
ing to this angle of lag is 0.575; and the power received from the 
mains is 2,;>00 X 14.81 X 0.575 which is equal to 18,800 watta, 
or 470 watts per lamp. The efficiency of the transformer with a 
50-lamp load was 93.9 per cent and with a 20-lamp load, it was 
85.7 per cent. 

Fig. 244 is a general view of the mechanism of the double- 
coil (two primaries, and two secondaries), constant -current trans- 
former of the General Electric Co.; and Fig. 245 shows the 
transformer in its containing case. 

The mechanism of the transformer is surrounded by an iron 
case, providing ample cooling surface. The working parts of the 
transformer are immersed in oil, which not only acts as an insu- 
lator, but assists in conducting away the heat. 
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AVitliin the working limitB, the magnetic repulaion between 
the tixed and inoviug coils of the ByBtem for a given pOBition, ia 
proportional to the current flowing in the coilB. The transformer, 
therefore, can be adjuBted to maintain any current, simply by 
changing the amount of counterweight. 

In transformerB having but one moving coil, the counter- 



Fig. 244. 
weight IB e(]HaI to the weight of the coil less the electrical repul- 
Bion; and a reduction in the counterweight will produce an in- 
crease in the current. 

In transformers having two primary and two secondary coils, 
as in Fig. 2+4, the movable secondary coils are balanced one 
against the other by a system of double-rocker arms supported on 
knife edges. The weight necessary to balance the repulsion be- 
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tweeii the primarj' and secondary coils is carried on a small aux- 
iliary lever (shown with its adjustable weight in the foreground in 
Fig. 244); aJso aupported on knife edges. In this case, a decrease 
in the counterweight is followed by a decrease in the current. 

The arc on the counterweight lever ia made adjustable lie- 
catiBe the repulsion exerted by a given current flowing in the coils 
is not the same for all jKtsitions of the coils, being greater when 



the primaries aud secondaries are close together and less when the 
primaries are separated. By means of the adjustable are, the 
effective radius of the balancing weight is made to change aa 
the coils move through their working range. AVhen the primary 
and secondary coils are separated by the maximum distance, the 
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rt-aiiltant fort-e tending to draw them together bIiouM be less than 
when thi'y are fl<i«e together. 

Regulation of Constant-Current Transformers. When cur- 
rent Hows in tho prinmryHiid aefoiidary coils, the mutual repelling 
forces eejwrate theeoik nntil equiiibrinm is restored. The current 
corresjionding to the position of e(iuillhriiim may he adjiieted by 
changes in tlie ooniiterweights, and the coils will then always take 
such a position as will maintain that current constant in the sec- 
ondary coils, regardless of the external resistances to which the 
coils are connected. "With any current less than normal, the 
- repelling force diminiaheR. and the primary and secondary coits 



To Oartarator 




3econdary| 
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Light Conatant Currant 




Fig. M6. 
approach each other, thus restoring normal cnrrent. As soon as 
the secondary current exceeds normal, the resultant pnll exerted 
by the counterweight and coils is overcome, and the secondary 
eoil moves away from the primary, again restoring normal cur- 
rent. Transformers of this design can be made to maintain con- 
stant current even more accurately than the constant- potential 
transformer maintains nniform potential. 

In Kig. 24(1 are shown ('/) the ground plan of the transformer 
and switchboard, with its braces attHcluil to the transformer case; 
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and (fi) the connections of the primary coil through Bwitchee and 
fuyes to H constant- vol tap' generator; also the connections of the 
secondary coil through an ammeter to tlie lamp circuit. The 
ahort-circiiiting switcli C is used to put out the lights by short- 
circuiting the secondary coil of the transformer. The effect of 
short-circuiting the secondary coil ia to cause only a very slight 
iucreaee of current to flow through the tranafornier primary. 

tig. 247 shows front and back views of a one-panel switch- 
board for a 25- or 35-light transformer. The switchboard is made 
of highly insulating blue Vermont marble. The switches are of 
the "tubular expulsion " type, designed to open bigh-voltage cir- 
cuits and to ensure suppression of the arc. The ammeter may be 
cut into either circuit of a multi-circuit transformer supplying 
current to two or uiore circuits of lamps, by the jack shown in 
Fig. 247. On the back of the board are mouuted the " tubular 
expulsion " fusee and current transformers for the ammeter. The 
current transformers have a 1 : 1 ratio; and they are used merely 
to permit of the complete insulation of the ammeter from the bigh- 
voltage secondary mains (lamp circuit). 

io8e. Transformer Fuse Blocks. The safety fusB links de- 
signed to protect a transformer from burn-out in case of short- 
circuit, are usually placed in circuit with both primary and second- 
ary coils. The fuse links connected in circuit with the bigh-voltage 
coil are usually encased in a porcelain tube which encloses the arc 
tliat is formed when the fuse melts; and the expansion of the 
highly heated vapors in the tube extinguishes the arc by what is 
called " expulsive " action. 

Tlie tubes containing the fuses are usually provided with brass 
terminals for the fuses, the terminals projecting as blades from one 
side of the tube. With fuse and terminals complete, the tube is 
pushed home in a receptacle containing metal spring clips that 
receive the fuse terminals somewhat after the manner of an ordi- 
nary knife-switch. 

When the fuse melts or " blows ", the tul>e carrying the fuse 
and terminals, is withdrawn irom the receptacle, A new fuse may 
then l)e put in ])lace without danger to the attendant, after wliich 
the tube and fuse may be replaced in the receptacle. 
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In small transformerB, the fuse receptacles usually form part 
of thu containing case; but in large transformers the fuse re- 
ceptacles are, as a general thing, entirely separate from the 
traiiflformer, and are mounted at any convenient point near the 



transformer — for example, on a cross-arm, or on the ]>ole where 
the transformer is placed. In the case of transformers for use out- 
of-doors tlie fuse receptacles always cousiat of waterproof cases of 
cast iron or porcelain. Figs. 248 and 249 show a single-pole 
transformer fuse block. It is constructed entirely of porcelain. 
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The fuse is mounted in a hole which passes letigthwise through 
the lug projecting from the under side of the cover. The ends 
of the fuse link connect to the brass screws of which the lai^ 
heads project from the ends of the 
lag. These screw ht'ads make con- 
nection to spring clips in the case 
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proper, and the spring clips connect with the ends of the wiree 
leadingout froih the receptacle. Thehot vapors which are expelled 
when the fuse melts, pass oat of a hole in the porcelain knob that 




Fig. 251. 
projects through the opening at the liottoni of the receptacle. The 
two parts of the bloi^k are fastened together liy a malleable -iron 
screw clamp, shown In Fig. 3411. 




Fig. 2.72. 
Fig. 250 shows a single-pole transformer fuse block. Tlie 
containing case and cover are of cast iron; the receptacle on the 
inside is of porcelain; and the fuse carrier is a porcelain block 
having metal terminals that make connection with spring clips in 
the receptacle. 
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Figs. 251 and 252 show a doubte-pole transtormer (iiBe block. 
The case and cover are of cast iron; the receptacle plate is of por- 
celain; and the fiiae supporters are porcelain tubes with side vents, 
as in Figs. 248 and 249. 

Mounting of Outdoor Transformers. Fig. 253 ebowe a 
transformer in its water-tight containing case, mounted on a pole, 
with its primary coil connected 
through a donble-pole fuse block 
to 1,100- volt mains, and its two- 
coitsecondary connected to Edison 
three-wire mains for supplying in- 
candescent lamps in a near-by 
building. Two suspension hooks 
A, made of heavy strap iron, are 
attached to the back of the trans- 
former case by slipping the bolt- 
heads B into the sockets 0, after 
which the nuts are screwed tight. 
The transformer is hoisted to 
its position on the building or 
cross-ann by means of a rope or 
chain, which is slipped over the 
two hoisting lugs D. When the 
transformer is hoisted into posi- 
tion, the suspension hooks are 
slipped over the cross-arm, and 
screwed fast by means of lag 
T screws. The lead wires from the 

Fig. iW. primary coil are connected to the 

lower fuse-box leads, and the 
upper fuse-box leads are connected to the mains. The wires from 
tile secondary coils are led into the building where the secondary 
fuses are placed. 

TRANSFORMER TESTS. 

109. Heat Test. The simplest method of performing this 
test is to connect the primary coil of the transformer to mains giv- 
ing the rated voltage and frequency of the transformer, and to load 
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the secondary with a bank of lamps or a water rheostat, adjusting 
the resistance so as to get rated full-load current from the trans- 
foniier. The rnn should be continned until an approximately con- 
stant temperature ie reached. 

The objection to loading the transformer in the way described 
is that it requires taking the full rated power from the transformer, 
which power, therefore, ia uaually wasted. The following method, 
accordingly, ie preferable. 

If two transformers of the same voltage and rated capacity 
are available, the teat may be made on the two simultaneously by 
what is known aa the motor-generator method. The arrange- 
ment ia shown in Fig. 254. 




Trans former A/o. 2 ■ 
Fig. 254. 



The two aecondarlee are connected In parallel, and are excited tram 
a low-voltage circuit A at normal voltage aud frequency; consequentty 
normal voltage Is induced ia each primary winding. The two primarieB 
are connected la series, but In such a way aa to oppose each other. The 
resultant voltage between the polnta a aud b will then be zero, notwith- 
ataading the fact that full voltage exiats between the terminals of each 
transformer eecoudary. Therefore, If the points a and b t>e joined together 
no current will flow. If, however, instead of l>eing Joined, these terminals 
are coaoected to the terminals of the circuit C, any voltage impreused at 
will produce a current in the circuit of the primary coils independent of 
the voltage existing in each of the primary colls. Since each transformer 
liln effect ahort-clrcuited by theother, It follows that approximately twice 
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the impedance voltafire* of one tranaroniieriiiiiirei'ttei) at (' will cniiHe fiill- 
IdhiI current to ttow tliniufili tlie iiriniarieH and tieeonilHrleH i>r IhiIIi. t n- 
der tliene cimdrticiiis, tlie IraiiHruniit^rH will run at Tull load, wliile the tntnt 
eiiei'K,v re<|iiired Tnr ttie teut anioiititH to merely the lotweti in tlie two. The 
circuit A HU)i)illeH the excltution ciirreiit and eore losHen. the druuit (' the 
fiill-Ioad current and eo)iper loHxett. 

The anxiliary eleetroiuotive force iin|)reisKe<l at (' may be derived 
ftom the same eoiirce as the electromutive force at A, by meanuof a traus- 
former. A reKulatliiK reHlstaiiue must be connected in aeries with it to 
allow adjustcueiit of the eleclromotive force at O until the ammeter ngi» 
tera full-load current. 

Theim^iortant teiujieraturea to be observed are those of tlie coils, 
core, and room. The temperature of the cane and of the oil may iMt 
observed an checks. 

The determination of the temperature of the coil may be made by 
thermometer or by measurement of resistance. If a transformer baa 
reuiaiued in a room of eouetaut temperature many hours, bo tbat the tem- 
perature is approximately uniform thruUKhout, (thermometer measure- 
ment indicatea quite accurately the temperature of the windiutics. If, 
however, the transrormer is radiatliig heat, as during the lieat run, the 
actual temperature of the copper cotls will be much t^reater than the tern- 
peratnre of surface iosulatioD. 

If we know the " cold " realstance, as measured under the first of the 
above conditions, and the temperature of the coil at the time of measure- 
ment, we have a means of finding the "hot" teni|>erature of the coil by 
measuring its "hot " resistance, The rise In temperature above the tem- 
perature at which the "cold " lesistance was measured, may be deter- 
mined ftvjm the equation, 

R, = R, [1 + 0.004 (a:-()]. 
Id which R| is the "cold " resistance, B, is the "hot "resistance, andic- 1 
ts the rise iu the temperature expressed In degrees centigrade. The tem- 
perature coefllcient for commercial copper wire is taken as 0.(KH. 

If the rooi" temperature diH'ers from 25' (J the observed rise In tem- 
perature should l)e corrected by 0.5 per cent for each decree centigrade. 
Thus, with a niom temperature of H^T (', the observed Tine should be de- 
creased by 5 jiercent; and with a room temperature of lo <', theobsened 
rise should be increased by □ per cent. 

■10. Core-Loss and Exciting-Current Test. For tliis test, 
the transformer is connected as eLowii in t!ie diagram, l*'ig. 255, 
tlie primary being left on open circuit. Tlieoretically the test 
may be carried out with f/'t/ifi- coil connected to mains of the 

•Note, The impedance voltage of a transformer is the electromo- 
tive force which must be applied to the primary coll to proiluce full-load 
current in both colls when the secondary c<ill Is sliort-clrouite<l. This volt- 
a^ is from 2 per cent to t )>er cent of the rated full-load primary voltage. 
Bee article na. 
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proper voltage and frequency. In practice, however, it is better, 
from the standpoint both of convenienco ttud of safety, to connect 
the eecornla?y coil. 

Tlie electromotive force is adjusted by means of the variable 
resistance until the voltmeter indicates rated secondary voltage. 
The ammeter then indicates the exciting or no-load current; and 
the wattmeter indicates, very tiloaely, the core loss, 

III, Resistance of Colls. The resistance of a coil of a tmna- 
foi nier may Imj measured by the ordinary drop-of- potential methtid. 
This method consists in passing throUgh the coil a direct current. 
the value of which is noted by an ammeter, while the drop of po- 




Transformer 



teirtial across tiie coil i^ nieasnreil by a voltmeter. Then the resist- 

E . 
anoe is II :^ . Knowing the resistance of the coils, we can df- 

termine the drop in potential due to resistance, under load. This 
loss of electromotive force is usually expressed in per cent of the 
electromotive force supplied to the primary, 

113. Impedance. To determine the impedance voltage, the 
transformer is connected as shown in Fig. 256. Aa the ini|»;dancB 
voltage is not very large^ varying from 2 per cent to 8 per cent of 
rated primary voltage in standard transformers — a much more ac- 
curately readable deflection of the voltmeter will be obtained if the 
primary coil ia connected to the mains. As will be seen by refer- 
ring lO Fig. 250, the secondary coil is short-circuited. The jirimary 
ooil is connected, in series with an adjustable resistance, to the low- 
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tension mains. The resistance is slowly cut ont, until full-load 
current flows in the coil, as indicated by the ammeter. Then the 
voltmeter indicates the impedance voltage. This should be ex- 
pressed in per cent of the normal voltage of the coil. From the 
equation, 

1 = 



E 



the primary impedance, inductance, and reactance can be com- 
puted, provided 11 is known. 

113. Efficiency Calculation. The efficiency of any piece of 
apparatus at a given load is equal to the output divided by the 
input. The input is equal to the output plus the losses. The 
efficiency may then be defined as the ratio of t/ie output to the 
output j'l II n the liiMi-x. In nearly every case the efficiency can be 




Fig. 256 
determined mere accurately by measuring the losses, and then 
computing the efficiency according to the second definition, than 
by attempting to measure the total output and input, and then 
taking their ratio. 

Tlie losses in a transformer are discussed in article 102. 

Kj-ainple. A given 5-K.W- transformer is rated at 2,000 
volts primary, and 2(K) volts secondary, at a frequency of (iO cycles 
per second. The coil resistances are found by measurement to be: 

Primary coll resistance 10.1 ohms. 

Secondary coll reaistance 0.067 ohms. 



At full load: 
Full -load 



'iirrents are: 



Primary current 2.5 amperes. 

yecuiidary current 25.0 amperes. 
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Core I08B, as determined by test 70 watts. 

Copper loBseB at full-load are: 

Primsry Iobb = R'l" = lO.l x (2.6)' = 68 watt*. 

Becondaiy Iobb = R"I"« = 0.067 X (35)» ^ . .42 watte. 

Total I0B8 at full-load 175 watta. 

FulMoad output 5,000 watta. 

Full-load iutake 5,1'''5 watta. 

Full-load eflSciency 5,000-^6,175 = 90.6 per ceut. 

At half-load: 

Total EIMoBB 20 watta. 

(!ore loBB 70 watts. 

Total losB 90 watts. 

llalMoad output 2,500 watta. 

Half-load intake '. 2,590 watts- 

llalf-load efficiency, 2,500 ^ 2,590- 90.3 per cent. 

The all-day efficiency of a transformer is the ratio of the out- 
put of work (watt-hours) duriug the day to the total input of work 
(watt-hours). The usual conditions of practice will be met if the 
calculation ia based upon 5 hours at full load, and 19 hours at do load. 

Output: 

5 hours at full load = 5 hours X 5,000 watts ^25,000 watt-hours 

10 hourB at zero load = watt-hours 

Total output in 24 hours —25,000 watt-hours 

Input: 

5 hours at full load = 5 hrs. X 5,175 watts = 25,875 watt-hours 

19 hours at zero load - 19 hrs. X 70 watts = 1,330 watt-hours 

The zero load intake is but very little more than core loss, 

since H'l" is negligible at zero load. 

Total intake in 24 hours 27,205 watt-hours 

All day efficiency 25,000 -;- 27,205 = 91.9 per cent 

114. Polarity TesL Transformers are generally designed so 

that the instantaneous direction of flow of the current in certain 

selected leads ib the same in all transformers of the same type. 

For example, the transformer shown in Fig, 257 is d^'gn^ so 
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that the current at any inatant Howb into lead A and out ol luad C. 
Such transforiii»rs niQ properly in juirallel when similar primary 
and secondary leads on different transforinera are connected to- 
gether. The primaries of two transformers A and B are connected 
to supply mains, the connections of one primary being made with- 
out reference to the connections of 
[a PHmary b| the other. It ie desired to deter- 
mine (Ist) how the secondaries are to 
connected in parallel to supply 
current to one and the same receiv- 
' ing circuit; and (2nd) how the sec- 
ondaries are to be connected in series 
to supply current to a receiving cir- 
cuit. This test is made as follows: 
Connect a teritiiiial {say o, Fig. 25N) 
of the secondary uf one traneronuer to 
one terminal c of tLe secondary of tlie 
otber trsnefonner. Tbeo connect two 
110-volt lamps la series (or a voltmeter) 
to tbe other two terminals h an<) d. If 
the lamps do nut light (or If the voltmeter gives no deflection), then (1st) 
the terminals aandc are the proper ones to connect together to one servjoe 
main; and the terminals 

6 and d are to be connect- Supptv Mam 

ed together to the other ' 

ser\'lce main; and (&d) 
the terminals a and c are 
not tbe proper ones to be 
connected together, but b 
and c are properly con- 
nected together in order 
tocoiiuect tbetwo coils In 
series, the other two ter- 
minals a and d beingcon- 
nected to the service 
mains. 

THE ROTARY CON- 
VERTER. 
115. The Rotary 
Converter is a machine for converting alternating current to direct 
cnn-ent, op^vVe I'fjm. The importance that such machines have 
now assumed in the electrical industry is due to several causes : 




Fig. 258. 
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('/) It is necessHry, for ttcononiic reasons, to iis« alternating 
currant at liigh voltages in long-distance tranBtiiiBBion, as I'Xplained 
in article 4. Tberefore, rotary converters are required for chang- 
ing the alternating current into direct current for use in electric 
railway motors, which iniiat be supplied with direct current from 
the trolley wire at pointB at a distance from the power house. 

(h) Rotary converters are needed for charging storage bat- 
teries in places where the central station supplies alternating cur- 
rent, and inverted rotaries are necessary for factory driving with 
alternating-current motors in cases where direct current only is 
supplied by central stations. 

(c) Direct current is necessary in many of the chemical and 
electro- metallurgical industries such as the electrolytic reduction of 
ahiminum from its ores, the electrolytic refining of copper, etc. If 
alternating current is generated and transmitted to these establiah- 
iiients, it must he converted into direct current before it can be 
utilized. 

116. Comparison of the Rotary Converter and the Direct- 
Current Dynamo. In general appearance and construction, the 
rotary converter resembleB thedirect-carrent generator very closely. 
The chief ontward difference is the addition of a number of col- 
lector rings concentric with the shaft on one side of the armature, 
and the commutator is very much larger than in the ordinary 
direct-current generator. Another point of difference is in the 
relative dimensions of the magnetic circuit, including yoke and 
magnet cores, which are smaller than would be usual or deairahle 
in ordinary direct-current generators. 

Under the usual condition of running, the armature is driven, 
as in a simple synchronous motor, by alternating current supplied 
to the collector rings from an external source. While bo revolv- 
ing direct current can be taken from brnshes bearing upon the 
commutator. 

The current in the armature of a rotary converter may be 
thought of as the difference between the inflowing alternating cur- 
rents and the outflowing direct current. The average value of the 
current in a given armature conductor is therefore smaller in value 
than in the corresponding direct-current generator, and the heat- 
ing effect (liP) is correspondingly less. Furthermore, the mag- 
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netizing action of the inflowing alternating current upon the arms- 
ture ie about completely neutralized by the magnetizing action of 
the outflowing direct current. Therefore a larger number of 
smaller conductors may Iw wound upon a given armature core, if 
the annature is to be UBid for a rotary converter, than would be 
permiBsible if the armature were to be used for a direct-current 
generator. That ie, the allowable power output of a machine of 
given size is not limited to eo small a value if the machine is to be 
used as a polyphase rotary converter, as it would be if the machine 
were to be used as a direct -current generator. 

The following table gives the power ratings which a machine 
that would be rated lOO-K.W. if used as a direct-current generator 
has, when it is used as a single-phase, three-phase, two-phase (fonr- 
ring), and six-phase converter respectively. 

TABLE VI. 
Power Ratings of Rotary Converters in Kilowatts. 



Single- Three- 

pbaM pbase 

converter. couverter. 



117. To Make a Direct-Current Dynamo Into an Alternator. 

Consider an ordinary bipolar* direct-current dynamo. Imagine 
two opposite eomrautator bars of the machine to be marked a and 
b respectively (see Fig. 250). Let the field magnet of the machine 
be excited, and the armature be driven at a speed of n- revolutions 
per second, in a counter-clockwise direction, as shown by the 
arrow. At a given instant the marked bars will be midway between 
the direct -current brushes, as shown in the figure. I^et us call the 
position of the armature at this instant the position A, Fig. 360, 
and let ua consider the way in which the electromotive force be- 
tween the given pair of commutator bars a and h clianges as the 
armature rotates. 

i^ii^ While the armature is making the tirst quarter of a 
revolution from the A position, the bars will move until bar a 

■Note. The following diBcusalon applies to multifiolar machMea 
also, but the statements are much simpler when limited to the bipolar 
. iiiacliine. 
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touches the + brnsli and bar h touehes the - brush; aud the 
electromotive force between the bars will grow from zero to the 
full value, E, of the direct electromotive force between the brushes. 

(A) While the armature is making the second quarter of a 
revolution from the A position, the bars will move until they are 
again midway between the direct-current brushes; and the electro- 
motive force between the bars will drop from the value E to zero. 

((•) While the armature is making the third quarter of a 
revolution from the A position, the bars will move until bar a 
touches the - brusli, and bar h touches the + brush ; and the 
electromotive force between the bars, which must how be consid- 
ered as negative, will grow from 



// 






•i-Brush 



zero to the value E. 

(^7) While the armature is 
making the fourth quarter of a 
revolution from the A position. ^ 

the bars will move until they are / 

again midway t)etween the direct- / 

current brushes; and the electro- A ^b 
motive force between the bare, \ 
which is still to be considered as \ 

negative, will drop from the value "^ ''•■. ^^'' / 

E to zero. ■".» ,'' 

These successive changes of / / 

electromotive force, between the / /^SruSfi 

cfiven nair a h ot commutator 

f !,■ k A • •■■'«■ ^'*- 

bars, which occur dunngone com- 
plete revolution of the armature, are shown graphically in Fig. 260. 

It is at once evident that the electromotive force between the 
bars rt and h is an alternating electromotive force, and that this 
alternating electromotive force passes through a cycle of values 
during each revolution of the armature, so that its/requeJicy is 
fijual to th^ reviilvtuins j>er second of the amiature (for the case 
of a bipolar machine). 

Furthermore, it is clear that the alternating electromotive force 
between a given pair of commutator bars'/ Jon a direct-current 
dynamo may be utilized for the production of alternating current; 
or the direct-current dynamo may be made into an alternator by 



,v Google 



274 



ALTERNATING CURRENT MACHINERY 



providing a pair of inenlated metal collecting ringa connected per- 
manently to the bare a and b respectively, and which are kept in 
continuouB connection with an outside circuit by means of an 
auxiliary' pair of brashes, that is, brushes entirely separate and 
distinct from the direct -cnrrent brushes Imfore mentioned. 

A direct-current dynamo made into an alternator as above ex- 
plained, but with its direct-current brushes and coininutatur kept 
intact, is called a rotary converter; and in this particular chsc, 
where two collecting rings, only, are provided, Uie machine is 
called a single-phase rotary converter. When the machine is pro- 
vided, as explained l>elow, with three collecting rings, four collect- 
ing rings, or six collecting rings, it is called a polyphase rotary 
converter. 



/7rsr I Seco/rcf : Third \ Fourth i 
]f/^ev(^ti0rf^XRevolufiofty\fievetutlof\)^Revolutio^ 




Fig. 26(). 

118. The Three-Ring Converter. Three eiiuidistant com- 
mutator bars c, 7i, and <•■ (Fig. 261) of a direct-current dynamo are 
connected to three collector rings. It is shown later in this dis- 
cussion that the electromotive force between bars ir and h is, 
in phase, 120° ahead of the electromotive force between bars h 
and c, and 240" ahead of the electromotive force between bars 
c and a. Three electromotive forces related in this way are called 
three-phaae electromotive forces; and a direct -current dynamo 
provided with three slip-rings as specified, is called a Uiree-phaM 
or three-ring rotary converter. 

119. The Four-Ring Converter. Four equidistant commn- 
tator bars a, h, a' and h' (Fig. 2(12) of a direct-current dynamo are 
connected to four collecting rings. Then the electromotive force 
between the rings a and a' is at its zero value when the electro- 
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motive force between rings 4 and V is at its greatest value, oi- /'/'(•(' 

nrxa. Two elwtroiiiotive forces relattMl in this way are calltnl 

two-phase electromotive forces; and a direct-current dynamo |)ro- 

vided witb four collecting rings as 

specified, is called a two-phase or, 

more accurately, a loor-ring rotary 

converter. 

130. The Six-Rlns Converter. 
(Six equidistant coninuitator bars r7, 
i, v. a\ h\ c (Fig. 263) of a direct- 
current dynamo, are connected to 
six slip-rings. Sucb a macbine is 
called a six-phase or six-ring ro- \ \ - - ^^ /' / > 

tary converter. The electromotive \ ^ - -. d^ /' 

force between tbe rings a and «' is, 
in pbase, 120" abead of the electro- 
motive force between rings h and 
//, and 240° abead of tbe electro- 
motive force between rings c and c'. 
Tbree electromotive forces bo related are called three-phase electro- 



Fig. 261. 









U-' "-t 



motive forces; and a six-ring rotary ct 
conditions, be supplied willi tliree-pbat 



iverter may, under certain 
( alternating currents. 



,v Google' 



276 ALTERNATING CURRENT MACHINERY 

131. Multipolar Rottuy Converters. The foregoing artiolee 
(117 to 120) refer, for tlie sake of simplicity, to a bipolar machine. 
In the case of a iimltipolar direct-current dynamo, having y; field 
magnet jwlea, the connections of the ii rings of an 7t-ring converter 
are as follows: 

King No. 1 is connected to the f equidistant commutator bars 
which, for a given position of the armature, are squarely opposite 
to the centers of, say, the north poles of tbe field magnet. Let ff 
be the distance between the commutator bars to which ring Ho. 1 
is connected. Ring No. 2 is connected to the f equidistant com- 
mutator bars which are ^ oi d ahead of the bars connected to 
ring No. 1; ring No, 3 is connected to the f equidistant commu- 
tator bars which are ^ of if ahead of the bars connected to ring 
No. 1; and so on. 

Eifample. A 6-pole direct-current dynamo with 72 commu- 
tator bars, to be made into a three-ring converter, would have ring 
No. 1 connected to commutator bars 1, 25, and 49; ring No. 2 
connected to commutator bars 9, 33, and 57; and ring No. 3 con- 
nected to commutator bars 17, 41, and 65, 

■32. Electromotive Force Relations of the Rotary Converter. 
Let E be tbe value of the steady electromotive force between the 
direct. current brushes of a rotary converter; and let E^, E,, E,, E,, 
be the •■ffi^vtive v(ihii-n of the alternating electromotive force be- 
tween wljuoent collecting rings of a 2-ring, 3-riiig, 4-ring, and 
6-ring rotary converter, respectively. It is desired to find the 
relationship Iwtween these various electromotive forces. 

Relit'iitnxMp betvMin E ami E.^. The maximum value of 
the alternating electromotive force between the collecting rings of 
a 2-ring converter, occurs at the instant when the commutator 
bars to which the collecting rings are connected are in contact with 
the direct -current brushes, and this maxiuium value is, of course, 
equal to E, Therefore the effective value, E^, of the alternating 
electromotive force between the slip-rings of a 2-ring converter is 

equal to — ^. That is 



E, 



(39) 
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lielationship between J!.\ and E^. TLe diecuBsion of the 
relationship between E^ and E, will be carried out for a very special 
case, oaiuely, where the armature has IS conductore; and this 
special discussion will lead to a very simple geometrical eonstruc- 
tioD which will easily give the relationship between E^, E„ E„and 
E„ and will also show the phase relations of the various electro- 
motive forces of a 3-ring, of a 4.ring, or of a O-ring converter. 

Fig. 264 represents a direet-current, ring-wound armature, 
having 18 conductors, each conductor, of course, representing a 
turn of wire. Consider the conductor a. This conductor has an 
alternating electromotive 
force induced in it as the 
armature rotates. Let this 
alternating electromotive 
force (effective value) be 
represented by the short ' 
line a in Fig. 265. 

Consider the'next 
following conductor h. 
The alternating electro- 
motive force induced in 
this conductor has the 
same value as that induced in conductor u 

by the angle —^ = 20", where 18 is the total number of arma- 
ture conductors. Let the electromotive force induced in coaductor 
h be represented by the short line b in Fig. 2()i>. 

Similarly, the short lines r, <l, e,/, tj, etc., in Fig. 2*15, rep- 
resent the alternating electromotive forces (effective values) in- 
duced in the conductors c, il, i;f, </, etc. 

Consider first the 2. ring converter. -Suppose that its slip- 
ring No. 1 is connected to the commutator bar which is between 
conductors r and a, as shown in Fig. 264; then its other slip-ring 
will be connected to the bar which is between conductors i and i, 
and the alternating electromotive foi-ce E.^ between these two slip- 
rings will be the vector sum of the electromotive forces a, b, c, d, 
e,/, y, h, and i (Fig. 265), as shown in Fig. 266. That is, E, 




Fig. 2M 

, but is hchiiid It in phune 
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(effective value) is repreBented by the diameter of the polygon 
(circle) in Fig. 266. 

Consider now the 3-ring converter. Buppose its three rings 
are connected as shown by the numbers 1, 2, and 3 in Fig. 264. 
Then the electromotive force E'„ between rings 1 and 2 is the 
vector sum of the electromotive forces a, h, c, d, e, andy, as shown 
in Fig. 266; the electromotive force E"„ between ringa 2 and 3, 
is the vector sum of the electromotive forces g, h, i,j, &, and /, as 
shown in Fig. 266, and the 
electromotive force E'",, be- 
tween rings 3 and 1, is the 
Vector sum of the electromotive 
forces 711, 11, 0, j>f q, and /■, as 
shown in Fig. 266. 

Therefore, the effective value 
of the electromotive force E^ be- 
tween the two ringa of a 2-ring 
converter, being represented by 
the diameter of a circle, the 
effective value of the electro- 
motive force E„ between any 
two rings of a 3-ring converter 
is represented by a 120'' chord 
e circle. Therefore: 




or, using the value of E, from equation 39, w« have: 

K. =-/■—-.= 0.612 E. (40) 

* V 2 

It is to l)e noted that in order to make a direct-current ma- 
chine into a 3-, 4-, or 6-ring converter, the nunil)er of armature 
conductors nmst be divisible by the number of rings. Therefore, 
the armature shown in Fig. 264 is not suitable for a 4-ring con- 
verter, although it is suitable for a 6-ring converter. 

O'etufal .Statement of lidathn»h{p between- A\, JC„ _fi\, and 
E^. The foregoing discussion shows that if the effective value of 
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£, is represeDted by the diameter of a circle, then the etTeotive 
value of E, ia represented by a 120^ chord, the effective valae of E^ 
is represented by a 90" chord, and the effective value of £, is repre- 
sented by a GO^ chord of the 
same circle. This is shown 
in Figs. 26fi, 2(57, and 268. 
From Fig. 267, we have: 
E, . 
"PI' 
or, substituting the value of 
Ej from equation 39, we 
have: 

From Fig, SBSwehave: 
1 



E. 




or, substituting the valm 



of Ej from equation 39, we liave; 
^j- X -^ = 0.354E. (42) 



Summary of Electro- 
motive Force Relations of 
the Rotary Converter, Let 

E be the electromotive force 
between the direct-current 
brushes of a rotary con- 
verter; then, 

E, = 0.707 E 1 
E, = 0.fJ12 E 
E. = 0.500 E f 
E. = 0.354 E J 

in which E,, E„ E., and E„, 
are the effective values of the 
alternating electromotive 
force between adjacent col- 
lecting rings on a 2-ring, 3-riiig, 4. ring, and 6-ring converter 




(43) 
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respectively, and E is the stuady value of the electromotive force 
between the direct-current brushes in each case. 

Kxaiii]}Ji-g. A rotary converter ia to deliver direct current at 
500 volts. 

(a) It mu»t be Bupjilied with single-phaHe altemetlng current at 
358.5 volts, effective, if It 1h a :i-r)ng couverter. 

(ft) Jt must be supplied with tliree-phaae eurreuta at SOe volt* eflTec- 
tive betweeu each pair of the three supply malua, If the converter is a 
3-ring converter. 

(c) It must be supphed with two-phase currents over four-wire 
supply mains with 250volt8 efTeclive betweeu mains conuecte<] to adjacent 
collector rings, or 353.5 volts effective between mains connected to oppo- 
site collector rings, If the couverter is a 4-ring converter. 

(d) It must be supplied with six-phase currents over six-wire sup- 
ply mains, with 177 volts effective between the mains connected to 
adjacent collector rings; or with i<06 volts efTective lietweeu the mains con- 
nected to rings 1 and 3; or with 3.5.1.5 volts eiTecUve between tLe mains 
connected to op{M)slte collector rings. 
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133. Modification of Theoretical Volt^e Ratios In Actual 
Machines. The theoretical ratioB of alternating to direct-current 
voltage are DOt always foiiiitl to hold good in practice. This is 
owing to a variety of caiisee, chief among which are : the deviation 
of the generator voltage from a sine wave, the voltage drop in the 
armature windings, the position of the direct -current brashes on 
the commutator, and the degree of tield excitation. 

Ab the direct -current voltage at the commutator brushes, 
neglecting the resistance drop RI in the converter, is equal to the 
maxinmm instantaneous voltage between op[)OBitti collector rings, 
a flat-top wave gives a higher ratio (/.'■., lower direct-current volt- 
age), and a peaked wave a lower ratio (/.c, higher direct-current 
voltage), for the same impressed alternating-current voltage. More- 
over, the shape of the electromotive force wave impressed by the 
generator upon the converter, is modified by the form of the counter 
electromotive force wave of the converter. Hence, a short pole arc 
of the converter, producing a jwaked wave of counter electromotive 
force, t«nds to lower the direct-current voltage, and a long pole arc 
tends to raise the direct-current voltage, for the same impressed 
alternating voltage. 

A displacement of the brushes from the neutral point decreases 
the direct -current voltage for a given alternating-current voltage, 
the variation in extreme cases amounting to several per cent. 

Over -excitation of the field magnet may increase the direct- 
current voltage one or two per cent; while with tinder-excitation, 
i.e., with lagging current, the direct-current voltage may be de- 
creased one or two per cent for a given alternating current voltage. 
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Under average conditioiiB of full-load operation, the standard 
types of converters have ratios altenHiti iKj-cntTent voKaye -i- 
liiri'ct-eurrcnt voHiiyt-, approximately as given below : 

TABLE VII. 
Voltat* Ratios •( Roury Cotivertcr*. 



Pen^utage pule a 



I ( .T50-volt. 

Tbree-pliase, \ 2oO-volt, 

( livvoit. 

' Two-phaHe, - iiO-volt, 



In the normal opratioii of the rotary converter — namely, 
when fnrnishing direct current, the drop in the armature reduces 
the direct-curcent voltage. Wlieii run as an inverted converter. 
/.('., when delivering alternating current, direct current t)eing fed 
to the lirualies, the drop is on the alternating side; consequently 
the voltage ratio of a converter is lower when it is'mn inverted. 

For preliminary calciilatiuiis where the data of operation are 
not known, the following voltage ratios may be used with most 
standard converters : 

Fur two-phase, 74; 
For Ihree-pliaise, 64,i). 

In o|>erating rotary converters, it is customary to make allowance 
for the departure of the actual voltage ratio from the normal ratio. 
The amount of the allowance to be made cannot always l>e pre- 
determined; but any ordinary departure from the theoretical volt- 
age may be easily compensated for liy nsitig transformers provided 
with taps on the secondary windings which will permit a voltage 
change of about 5 per cent. 

134. Current Relations of the Rotary Converter. The rotary 
converter, as ordinarily used to convert alternating current to 
direct current, behaves as a synchronous motor in so far as its 
intake of alternating current or currents is concerned. In the 
case of the synchronous motor with a given belt load, the intake 
of alternating current varies with the degree of field excitation, 
the intake of current being a minimum for a certain field excita- 
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tion, and the power factor nearly unity (see article 74). Li the 
caae of the rotary i-onviTter, also, the intake of alternating current 
or currents is a luiniinnni, and its pouer factor is unity for a cer- 
tain field excitation, the direct -current output of power being 
given. Under these conditions there is a definite relation between 
the direct-current I delivered by the converter, and the effective 
value of the alternating current flowing in at each coHecting 
ring. In fact, 

I, = 1.414 1 1 

I, ^ 0.943 1 I , . 

I. = 0.707 I r U4) 

I, = 0.4711 J 

in which I„ Ij, I„ and I^ are the effective values of t)ie alternating 
current entering at each collector ring of a 2-ring, S-ring, 4-ring. 
or ((-ring converter, respectively; and I is the direct current deliv- 
ered by the converter. These equations 44 are based on tiie 
assumption that the converter has unity power factor as above 
pointed out, and that the intake of power is equal to the output of 
power, 7.1'., the losses of power in the machine are ignored. 

The method of deriving equations 44 will be sufticiently indi- 
cated by deriving the first two, namely, the equations for I, and I,. 

Dei'ivatiim of the Equation for I,. The direct-current out- 
put of power from the converter is EI, E being the electromotive 
force between the direct -current bmshes, and 1 being the direct 
current delivered. The intake of power is E^I^ X -power factor; 
but since the power factor is supposed to be unity, the intake of 
power is simply EJj. Therefore, ignoring losses of power, we have: 

E,I, = EI 

But Ej = 0.707 E, by the first of equations 43, so that E,I^ ^ 

0.707E X I, = EI. 
Hence 0.707 1,= I; 

or, I, = 1.414 I. 

Derivfitii'ii ofthe Kqmti'mfiir /,. The direet-current out- 
put of power is EI, and the intake of power is V'i EJ^, the power 
factor being unity; that is, the power delivered by three-phase 
supply mains is equal to V'A times the voltage between mains 
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times tlie cnrreiit in each inaii), aa explained in article 4'.). There- 
fore, ignoririfj jM)wer lossea in the machine, we have: 

, 3 K.I. = EI. 

But E, — 0.613 E, according to the second of eqnatioDB 43, 80 

that V'B E,I, = V3 X 0.012 X EI, = EI. 

Hence VS X 0.612 I, = I; 

or, I, = 0.943 I. 

Kxamplei. A rotary converter deliverB 500 amperes of 
direct cnrrent, tlie field excitation being adjusted bo that the intake 
of alternating cnrrent may be a minimum. 

(a) if tliia converter is a 2-rlDg converter, It must be Bupplied with 
707 aiuj>ereB or alternating current fnnu Blngle-pliaHe luaiuH. 

(b) If this converter 1b a .S-ring converter, it must be mippiied witif 
til ree-]) base currents from tbree-wire maiuti, witli 471J) aiuperen effective 
in eacb main. 

(c) If tbiB converter is a 4-riuK converter, It must t>e supplied wltli 
two-phase currents from four-wire Hiipply luaiiis, with ft53.o aiuiieres effec- 
tive in eaeh main. 

(d) If this converter is a 6-rlng converter, it must be supplied with 
elx-phase currents from slx-wIre mains, witb 235.5 amperes effective in 
eacb main. 

laS. Possible Uses of the Rotary Converter. The neeB of 
the rotary converter are as follows: 

{it) Dhu'i-t-i'inTeiit Onierfitor or Motor. The rotary con- 
verter may be used as a dii-eot- cnrrent generator or motor, in which 
cases the collector rings are not nsed, but the machine mast be 
provided with a pnlley. 

(S) AUi-rhid' mj-V iirreitt Genenitor or SyncJironouH Motor. 
The machine may be driven by belt and used to deliver alternating 
currents from its collector rings as an ordinary alternator; or the 
machine may he supplied throngh its collector rings with alternat- 
ing currents, and may l>e driven aB an ordinary synchronous motor 
delivering iriechanical power to drive machinery. In either caae 
the direct current for exciting the field magnet may be taken from 
the commutator of the machine, or from a separate direct-current 
dynamo (exciter). 
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(r) TMiMi-Cunriit Oenvnitm: The rotary converter may 
be driven by Inslt, and used to deliver botli direct current and alter- 
nating current from commntator and collector rings, respi-etively. 
Whea 80 used, the machine is called a double-current generator. 

{d) Hegvlar Jiotarij ConveHer. The machine may be driven 
&B a Bynchronooa motor taking alternating current from supply 
mains, and delivering, not mechanical power, but electrical power 
in the form of direct current from its commutator. When, bo used, 
the machine is called a rotary converter. This is the most fre- 
quent use of the machine. The rotary converter does not require 
a pulley. 

(f?) Inverted Rotary Converter. The machine may be 
driven as a direct-current motor taking current from direct-current 
supply mains through its commutator, and delivering, not mechan- 
ical power, but electrical power in the form of alternating currents 
from its collector rings. When bo used, the machine is called an 
inverted rotary converter; it does not require a pulley. 

■a6. Behavior of the Regular Rotary Converter. When 
used to convert alternating current to direct current, the rotary 
converter is a synchronous motor in bo far as its relations to the 
alternating-current supply are concerned; and the machine exhib- 
its all of the peculiarities of the synchronoUB motor, as described 
in article 74. Thus, with under-excited field magnet, the rotary 
converter takes an unduly large amount of alternating current 
from the supply mains at a low power factor. As the field exci. 
tation is increased, the intake of alternating current decreases (for 
given output of direct-current power), and the power factor in- 
creases. For a certain degree of field excitation the power factor 
is nearly unity, and the alternating current or currents delivered 
to the machine are in phase with the alternating electromotive 
forces between the supply mains. When the field magnet is over- 
excited, the alternating currents supplied to the converter are 
ahead of the alternating electromotive forces in phase, as explained 
in article 74, and the power factor is less than unity. 

The rotary converter may be started exactly as an ordinary 
synchronous motor, as described in article 71; or it may be started 
.by supplying direct current to the commutator end of the machine, 
and starting the converter as a shunt-wound direct-current motor, 



,v Google 



286 ALTERNATING CURRENT MACHINERY 

the alternating -current main-switch heiiig open. This niflbod is 
the one generally used where direct current is available for starting 
purposes. In some cases the direct cnrrcnt is obtained from an- 
other converter already in operation, or from a small storage bat- 
tery which may be at hand. Sometiiiies a small motor-generator^ 
set, consisting of an induction motor coupled to a direct-current 
generator, is installed to supply current for the starting of one or 
more converters in a station. 

In the case of the latter method of starting, the fields should 
be fully excited by closing the field switch first, and there should 
be a resistance in series with the armature whan the motor switch 
is closed. Failure to ex«ite the field may cause the converter to 
increase its speed to a dangerous extent, just as in the case of a 
direct-current shnnt motor with excessively weak field, for in start- 
ing the converter from the direct-current end, it is not running as 
ft synchronous motor but as a simple sliunt direct-current motor. 

Tile operation of starting is then as follows: 

(1) See that the alternating-current main swltcfi Is open. 

(2) Close tbe field awltcli. 

(8) Leave the startlug reBlstance in circuit with the armature, and 
then close the main awjtch. 

(4) When normal speed is reached, cut out the starting rheostat, 
and vaiy the field etrengtii until the aynchroulzlng device abowa that tbe 
converter la In aynchroniam with the generator. 

(6) (Tluse the main alternating-current switch when the synchroD- 
izing device ahowa that the rotary converter la tn step with the altemat- 
iiig-curreut supply. 

If tbe converter is furnished with a abunt winding only, adjust the 
field to give minimum altemattug-current input. 

If the converter has a aeries winding also, the shunt field should be 
adjusted to give at no load the direct-current uo-ioad voltage at which it 
la rated. 

When a rotary converter is started as a direct-current motor, 
it is easy to bring the machine into operation with a particular 
direct -current brush or set of brushes posithc. When, however, 
the machine is self-started as an alternating-current motor, a par- 
ticalar direct-current brush or set of brushes may be positive or 
negative according to the direction of the last pulse of alternating 
current just before the machine jumps into synchronism. There- 
fore, when several rotary converters are to supply direct current to 
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comniOD bua bars, special care must be taken to see that the pola?^i/ 
of a given machine is correct before it is connected to the bus bare. 
The annature of a belted dynamo or motor is always caused 
by the belt to shift slowly'to and fro endwise in its bearings, thns 
entirely obviating the aneven wearing away of the commutator in 



Fiii. ai9. 

fjrw>Vfa where the brdhlu'S nib. The rotary converter, however, 
tends to run without end-play, and some special end-play device 
is necessary. The simplest is an electromagnet mounted op[K>- 
site to the end of the rotary -converter shaft. This electromagnet 
is excitwl about ten times per minute, and on each occasion gives 
an endwise pull on the shaft, causing the desired endwise move- 
ment of the latter. A mechanical end-play device now much used 
consists of a steel l)all which plays between the flat end of the 
shaft and an inclined runway in a steel plate mounted opposite to 
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the end of . the abaft, and backed by a spring that allows the steel 
plate to yield more or less when the shaft strikes it in its to-and 
fro motion. 

Fig. 2fl9 shows a 300-kilowatt, three-phase (S-ring) rotary 
converter bnilt by the General Electric Couipany. It has a (i-pulu 
field magnet and six sets of direct-current brushes, each set having 



Fig. 270, 

eight single brushes. Its rated speed is 500 revolntiona ptT 
ininnte, which with a six-pole field, gives a frequency of 2.j cycles 
per Beeorid. The three collector rings are mounted on the arma- 
ture shaft on the end opposittt to tJie commutator. It can be seen 
from the figure that the commutator is larger in comparison with 
the size of the machine thau is nsual iu an ordinary direct-cnrrent 
generator. Each collector ring has three brushes bearing upon it 
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in ortU^r to [MTinit of tlio delivery to tliu niac-Iiiiie of llm very liup' 
ulliTimtiii^ cmiviitB from tlie supply uiaiiis. TJit- iisn of tlirw 
hruslies on Biifii uollaftor rinj^ is preferable to thb ust; of one broad 
brnsb, inaBinuch as it is desirable to make tlie rings narrow to save 
space. This machine is rated at 550 volts between its direct-cur- 
rent brushes, so that the full-load direct-current output is !lOO,flOO 
watts divided by 550 volts, or 54l> amperes. Therefore, on the 
assumption of iinity power factor and 100 per cent elKeiency, as 
explained in article 124. the alternating current entering at each 
collector riug is 640 amperes X 0.943 = 515 amperes effective; 



and the effective volt^fe between collector rings is 550 volts 
X 0.612* = 336 volts. The alternating-current jiower supplied 
to the machine is: 

1^3 X 336 volts X 515 amperes ^ 300,000 watts. 
Fig. 270 shows a 500-kilowatt three-phase rotary converter 
manufactured by the Westinghouse Company. It ia provided with 
an induction motor for separate starting, as descrilksd in article 71. 
'file arinatnre of the rotary converter and the -squirrel-cage" 
rotor of the induction motor are shown in Fig. 271. The Held of 

* Hee equatloD 40. 
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tlie rotary converter has IS poles, and tlie s|)ee(l of the niarliine ia 
4(10 revolutions [>er minute, tliiia giviiifr a fre<|iiency of i'tl) cycles 
p«ir seionil (7.~<IU Hlternatlons per ininnte). In V'l^. 271 the 
mdial eonnectiiifr wiies from tliu arinatiirt) winding to the exilleetor 
rings are visible at the end of the armature next to the collector 
rings. There are 27 of these connectors, each ring Iwing connected 



Fig. 272 shows a tlircw- phase rotHry converter inaiuifactnred 
by the (ieneral Klectric Company. The cliaracterislic features 
which distinguJHli the rotary converter from tlie direct-current 
generator are here especially promiuent — namely, the large com - 
uintatorand great bnieli contact area, tlie comjwratively large col- 
lector rings, and the relatively small magnetic system. 

la?. Hunting of the Rotary Converter. A rotary converter 
(regular), being a synchronous motor in relation to its alternating, 
current supply, has a tendency to hunt, as explained in article 
72. A rotary converter, however, having no pulley and not being 
mechanically connected to machinery, is much more sensitive in 
responding to the pulsations of an engine or to other causes of hunt- 
ing than is a synchronous motor delivering mechanical iiuwer. 
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The hunting oscillations of a synchronous motor are always 
due to exteru&l disturbauces, that le, to disturbances originating 
outside of the alternating-current generator, the line, and the syn- 
chronous motor. 

A sudden c-liange of load on the synchronona motor, for ex- 
ample, is followed by a series of oscillations. Whether or not the 
oecillations due to a certain change of load give rise to trouble, 
depends largely tipon the resistance and reactance of the transmie- 
sion line, and upon tlie frequency. The greater the resistance 
and reactance of the traDsniission line, the greater the trouble 
from hunting; and at high frequencies the trouble from bunting 
is much greater than at low frequencies. Thus a 25-cycte rotary 
converter gives no serious trouble from hunting if the line reaist- 
ance and reactance are not excessively high, whereas a 60.cyclB 
rotary converter is more likely to give trouble unless special pro- 
vision is made to diminish hunting ae explained below. 

A periodic variation in the speed of the engpnp driving the 
alternator from which a rotary is aupplied with alternating current, 
produces very tranbleeonie hunting when thia variation of speed ia 
in rhythm with the hunting oscillations. Tliis claBS of hunting ia 
obviated by iucreaaiug the fly-wheel capacity of the engine, or by 
changing the resiatance or reactance of the transmission lines. The 
latter method changea the rhythm of the hunting oscillations and 
thereby doeaaway with the coincidence of rhythm, which is the chief 
cause of excessive hunting oscillations due to engine pulsations. 

The hunting oscillations, once started, usually reach their 
maximum under given conditions in a few minutes' time, so that 
serious trouble due to hunting, such as the dropping nut of step of 
the rotary, or excessive sparking at the commutator, usually occurs 
soon after the hunting begins. 

Hunting ia more troubleaome when the field of the rotary con- 
verter is over-excited so as to take leading currents, than when the 
excitation ia aach as to give either unity power factor or lagging 
earrents. 

The amount of hunting or pulsation of a rotary converter is 
approximately the same at all loads, from no-load to over-load. 

Hunting is more troublesome when several rotariea are sup- 
plied from an alternating -current generator, than when a single 
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rotary converter is supplied, iinleBS ttiere are short lengths of alter- 
nating-current mains between them, or unless the converters sup- 
ply direct current in parallel to the same direct-current mains. 

Hunting, whether due to engine pulsations, or to momentarj' 
outside disturbance, such as sudden change of load or moinentiirv 
short circuit, is greatly reduced by the use of massive copper 
bridges or frames extending partly over the pole faces, as shown in 



FiK. m. 
Figs. 151 and 177, A more effective arrangeuieut is shown in 
Fig. 273. A number of holes or channels are provided in each 
pole tip. In tlieae holes or clianneU heavy cop|)er conductors A 
and B are jilaced, and these conductors are short-circuited by being 
connected at the ends by the bars 0. These copper frames 
diminish hunting oscillations by means of the following action: 

Wbeuamachlneiehuntlng, the magnetic flux from pole-face to arma- 
ture core Is shifted forwards and backwards over the pole-foce, and thiti 
ehlftlUK flux induces electromotive forces lu the copper frames, these elec- 
tTDmutive forces produce currents which oppose the shiftlug of the flux, 
and thereby opjiose the huutiug oeciilatious. 

Arotary conventer having solid east-steel pole pieces has little 
or no tendency to hunt. The action of the solid poles is the same 
as the action of the massive copper conductors shown in Fig. 2T6. 
The use of solid j)oles, however, leads to excessive eddy-current 
losses; hence solid poles are not considered desirable. 

138. Inverted Rotaries. When a rotary converter is used to 
convert a direct current into an alti-rnating current, taking direct 
current in at the commutator and delivering alternating current 
at the collector rings, it is called an Inverted rotary converter. 
Wliile the rotary converter is generally used to convert alternating 
current into direct current, it sometimes happens that inverted con- 
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vertora are desirable. For example, in a low-tenBion direct-current 
system, a district remote from tlie central station may be aupplied 
with current by converting direct current to alternating current at 
the station (by means of inverted rotariea); then, by step-iip trans- 
formers, raising the voltage to a high value, and transmitting it as 
high-tensioii alternating current; and finally, at the distant point, 
reconverting it (nsing step-down transformers) to direct enrrent. 
Again, in a station containing direct-enrrent generators for short- 
distance supply, and alternatore for long-distance supply, the con- 
verter may be used as the connecting link to shift the load from 
the direct to the alternating generators, or conversely. The ma- 
chine which is used for shifting the load in this way is caneed to 
operate as a regular rotary or as an inverted rotary according to 
the demand for direct current or alternating current. 

The behavior of an inverted rotary converter is different in 
many respects from the performance of the same machine when 
ust'd as a regular rotary converter. When converting from alter- 
miting current to direct enrrent, tlie speed of the converter is 
rigidly fixed by the frequency of the alternating current supplied 
to it, and cannot be varied by altering its field excitation; this 
would merely change the phase difference between the alternating 
electromotive force and current supplied to the machine, and hence 
the power factor, as in the case of the synchronous motor. When 
converting from direct current to alternating current, however, the 
speed of the converter, as in a direct-current motor, will be pro- 
portional to the applied direct- current voltage, and will also depend 
upon the field excitation. The effect of weakening the field is to in- 
crease the speed, and the effect of strengthening the field is to 
decrease the speed. It is evident, therefore, that there should be 
little or no series field winding provided on an inverted rtitary con- 
verter, as it will change in speed tinder load and deliver alternat- 
ing currents at a variable frecjuency. If the field iHicoiiies greatly 
weakened, an inverted rotary converter may reach a dangerously 
high speed before the attendant has time to prevent it, and the 
armature of the machine may be torn to pieces by the excessively 
large centrifugal forces. 

('banging the field excitation of an inverted rotary converter 
will not change the voltage of the alternating current, t>ecause the 



..pvGoogle 



294 ALTERNATING CURRENT MACHINERY 

ratio of transformation in a given converter h fixed; changing the 
tield strength merely eaiiees a change in the Bpeed of the rotary. 

The voltage of the alternating current may by changed liy 
changing the voltage of the applied direct current, or it may be 
varied by using alternating-current-|)otential regulators as de- 
scribed later. 

An inverted rotary being an alternating-current generator, 
the field strength depends upon the intensity and phase relation of 
the alternating current; thus a lagging current reduces the field 
strength, and hence increases the B[>eed and frequency; whereas a 
leading current increases the field strength, and thus decreases the 
speed and frequency. Again, if the alternating-current side of an 
inverted rotary converter delivers large lagging currents to induc- 
tive receiving circuits, the demagnetizing action of thp lagging 
currents on the field may result in a dangerously high speed. In 
operating inverted rotary converters, therefore, especially when 
they are liable to be overloaded on the alternating-current side, as 
in^ the starting of synchronous or induction motors supplied from 
the inverted rotary, great care should be taken to see that the field 
excitation is always great enough to prevent excessive speeds. 
When used for the al>ove purpose, special speed-limiting devices 
should be used, 

A method used by the Westinghouse Company to prevent 
this tendency of the inverted rotary converter to race, is as follows: 

The converter is separately excited by a smalt direct-current gener- 
ator mecbauically cunuected to, and driveu by, It. Thelsiieedof the ex- 
citer will thererure chau^ with every change In the speed or the inverted 
rotary. The maKuetic circuit (magnet corea, yoke, etc.,) and magnet colls 
of the exciter are so dexlgtied that Its armature can generate normal volt- 
age when the machine is being worked at a point considerably below the 
" knee " of the saturation curve. Any iocreaae in the speed of the exciter 
will therefore cause a great increase in Its voltage. If then the speed of 
the inverted rotary converter increases, the voltage of the exciter imme- 
diately IncreaHcM and strengthens the Held ot the couverl«r, thus checking 
its tendency to race. 

The same result is attained by the General Electric Company, 
but in a different uiauuer, as follows: 

A klud of centrifugal governor is attached to the shaft of the in- 
verted rotary and revolves with it. If the speed of the rotary converter 
increases above a certain value, the governor acts, and cloHes an electric 
circuit which automatically throws off' the power eupplieii to Ihe rotary. 
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Kijf. '2~i *-how3 a 75-kiIowatt AVestiiiffiioiisH rotary converter 
iiitetuU-d lo ln' opcratfil iia an iiivcrtwi n)t!iry. It is proviiU-d witli 
a siiiJtII uliniil-woiiml (liri'i't-«uriviit t'Xcittr, whose ariiiHliire is 
iiioiuittHl on llic main aliaft (if tlic foiiviTtur, wliiie its field iiiafrnet 
fmino In InjIteJ tu an i^xtt'nsiuii of thu main caating of tht) coii- 



Torter, as shown in tlie figure. The tendency of the inverted 
converttT to race is checked by tlif aetion of the specially designed 
exciter as explained aliove. 
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129. Control of Direct-Current Voltaxe of a RoUry Con- 
verter. Tlie ifliitioiis iK'twi'en tlut altcrnatiiig-i-urrt'iit voltageB 
siipplitnl to a rotary converter aad the direot-i'uiTent voltage of the 
Diachine, as explained ii) article 1^^, and as expressed in ergiiationB 
43, apply to the case in which the Held excitation of the rotary 
converter is such that the alternating currents delivered to the 
machine are in phase with the applied alternating-current voltages; 
that is, these relations a]iply to the case in which the power factor 
of the tnachine is unity. The direct -current voltage of a rotary 
converter may be slightly greater or lees than the ideal value given 
in equations 43, as explained in article 128. 

Control of the direct -current voltage of a rotary converter 
may be accomplished through a considerable range by varying the 
values of the supplied alternating-current voltage by means of 
voltage regulators (treated later), or by providing a series of taps 
on the Bt^eondariefi of the step-down transformers that supply alter- 
nating current to the rotary converter so that the number of sec- 
ondary turns in these transformers, and therefore the value of the 
secondary voltage, may be varied at will. 

Another method of direct-current voltage control is as follows: 

As pointed out in article 74, the lield excitation of a nyn- 
chronoirM motor may be varied through quite a range above or be- 
low that corresponding to imity power factor, the machine taking 
leading currents when its field is over.excited, and lagging cur- 
rents when its field is under-e.\cited. This is especially the case 
when the synchronous motor has considerable armature induct- 
ance, aud when the transmission line also has considerable in- 
ductance. This ivniark aj)plies to the rotary converter also; and, 
vheii the trunKiiiiKKlon lait) has coiistderahle reactitiire, the alter- 
nating-curretit voltages between the collector rings of a rotary con- 
verter and the direct -cur rent voltage between its direct-current 
brushes, vary with the field excitation of the converter. 

Where there is both inductance and resistance drop in the 
foedera, and a considerable variation in the alternating voltage 
BU|)ply, the converter, if provided with series field winding, can 
l>e made to regulate antoinatically for constant direct-current volt- 
age within reasooahle limits, sis explained below. 
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As the ratio of tlie alternating to the direct-current voltage of 
a converter is nearly constant, the impressed alternating volt^re 
must be varied in order to vary the direct-current voltage. This 
can be done by taking advantage of the fact that an alternating 
current passing over an inductive circuit will decrease in volt^e 
it lagging i» phase behind its electromotive force, and will increase 
in voltage if leading. Just as in the case of a synchronous motor, a 
certain tield excitation in any converter will give a niininiuni anna- 
tnre current. If the excitation be decreased, the armature curi-ent 
will be increased but will be lagging. By providing, therefore, 
siitHcient reactance in the alternating-current circuit connecting a 
converter with its source of power, the alternating current voltage 
at the converter terminalB may be varied by means of the field exci- 
tation of the converter, and without altering the genei-ator voltage. 

When it is desired to control the direct -current voltage of a 
rotary converter independently of the voltage of the alternating- 
current generator that supplies the alternating currents, the trans- 
mission line is frequently given an artificial reactance by connect- 
ing induetance(reactance) coils in series with the alternating- current 
supply mains. Tims the alternating currents delivered to the con- 
verter are caused to flow through these reactance coils. When, 
therefore, a rotary converter has a com|)ound field winding (series 
and shunt), as de3cril)ed l>elow, the use of reactance coils in the 
supply mains is necessary if the transmission lines do not of them- 
selves have sutHcient reactance. 

130. Field Excitation of Rotary Converters. Various meth- 
ods are employed for exciting the field magnet of rotary convert- 
ers, as follows : 

(i/) F'uhl Ej-'-'it<it!<iio lij Annatiiiy Ileacti'm. When an 
alternating-current generator delivers leading current to a receiv- 
ing circuit, the magnetizing action of the armature currents tends 
to strengthen the field magnet poles, as explained iu article 43. If 
an alternating-current generator were always used to deliver lead- 
ing currents, it would l)e jwssible to depend upon the magnetizing 
action of the armature currents entirely for exciting the field mag- 
net, without using any direct current whatever iu the field wind- 
iin's; in fact, the field windings could be dispensed with altogether. 
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When a synchroDoiiR motor (or rotary converter) takes lagging 
Piirreiits from alternating-current supply mains, tbe magnetizing 
action of these currents in tbe motor armature is to Btrengtheii the 
field magnetism of the motor (or rotary converter). This action 
ulonu limy be utilized for exciting the tield magnet of a synchronous 
motor (or rotary converter), and rotary con verters have been designed 
and commercially operated with this mode of field excitation. 

{/>) S.-ff-i-:a.-H<ifHm of the Flthi of Rotary Co»v>;irrx />;/ 
Direct-Current Taken from the Com mutator of the Marhhie. 
The usnal method of exciting the field of a rotary converter is by 
means of direct cnrrent taken from the commutator of the machine 
itself. Tliere are three schemes for carrying out this method of 
field excitation, exactly as in the case of ordinary direct -current 
generators, as follows: 

1. SerieH Kxfitatio/i. This scheme, iii which the entire 
direct-current output Hows through the field windiug (coarse wire}, 
gives a field excitation which is zero when the dii-ect-cnrreut out- 
put is zero, and which rises to full rated excitation when full-load 
output of direct current is reached. Tliis scheme of field e.witation 
is not suitable for rotary convertera. inasmuch as a rotary converter 
should have an approximately constant field excitation, or a field ex- 
citation which changes through a coiiiparatively narrow range only, 

2. iShnitf Ej-r''f'it!oH. In this scheme the field winding ie 
made of comparatively fine wire. Its reBistHnce, therefore, is com- 
paratively high, and it is connected diivctly between the direct- 
current brushes with an adjustable field rheostat in its circuit, 
exactly as in the ordiimry shunt-wound direct-current dynamo. 
Tliis scheme gives an approximately constant Held excitation, and 
it is much used in rotary converters. The variation of field exci- 
tation for the purptiR! of controlling the jxiwer factor, of the con- 
verter is accomplished by means of the adjustable field rheostat. 

3. Cioiipound E.f<:itatiim. The combination of series and 
shunt excitation is frequently used in rotary converters so as to 
provide for slightly increasing field excitation (by means of the 
series winding) with increasing direct-current output. This scheme 
of field excitation is, however, more limited when applied to a 
rotary converter than when applied to an ordinary direct-current 
dynamo, for the reason that too great an increase of field excitation 
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in a rotary converter (as in the case of a syncliroiioiiB motor) uanseB 
tlie converter to fall out of synchroniBin and stop, or " l)r«ak down," 
as it is termed. 

Com pound- wound rotary converters are used to advantage for 
supplying current which is constantly Hiictuating (and where the 
generators supplying the converters do not greatly exceed the lat- 
ter in kilowatt capacity) as in railway service, and in cases where 
it is necessary to maintain constant or increasing voltage with in- 
creasing load. More or less prominence can be given to shunt or 
series windings as may be required. 

The regulation is made automatic by a series field winding on 
the converter, but the inductance of the transmission lines and gen- 
erator must frequently be increased by introducing reactive coils. 

The amount of raising ( " boosting") or lowering of the volt, 
age is proportional to the reactance in circuit, tor a given series 
field. Considering, however, that the maximum output of the con- 
verter and its stability are affected by too much reactance, the in- 
troduction of reactance sbonld not be carried too far. 

In com pound -wound converters the shunt excitation is gen- 
erally adjusted to give a lagging current of from 20^ to 30% of 
full load current at no load by under-excitation, and the series field 
is adjusted to give a slightly leading current at full load. This 
arrangement lowers the impressed voltage at the converter at no 
load and raises it at full-load enough {with constant voltage at the 
generator) to compensate for all the losses of voltage in the sys- 
tem, tlius making possible the delivery of a constant direct-current 
voltage at all loads. 

It has been found in practice that the compound winding dis- 
tinctly diminishes the stability of running when the tendency to 
hunt is present to any extent. The series winding should be cut 
out when starting up from the direct-current side. This is con- 
veniently accomplished by a double-throw switch which in one 
position connects the junction of the series winding and the nega- 
tive brushes to the starting rheostat, and in the other position con- 
nects this junction with the equalizing bar. 

4. Se.jHii'atc. Eia'Untion, The use of a small auxiliary direct- 
current dynamo to supply direct current for exciting the field of a 
rotary converter has been mentioned in Art. 128, where it was 
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jmintetl out that tliia mutliod of field excitation ia espiHrially eiiitcd 
to inverted rotarles. 

■31. The Rotary Converter' with the Edison Three-wire 
System. The Edison three-wire Byetera must ordiuarily be sup- 
plied with current from two direct-current generators connected in 
series between the outside mains, and with the neutral main con- 
nected to the junction of the two machines. 

To operate a three-wire system from a single direct-current 
generator would give rise to great differences of voltage on t!ie two 
sides of the system when the number of lamps on one side differs 
greatly from the number of lamps on the other side; in fact it 
would not t>e allowable to turn off a lamp on one side without 
turning off a lamp on the other side at the same time. To avoid 
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Fig. 276. 

this difficulty some arrangement which is equivalent to the use of 
two generators is necessary. 

A rotary converter may he used to deliver direct current to 
an Edison three-wire system giving every advantage ordinarily 
obtained by the use of two direct-current generators connected in 
series. The connections of a three-phase rotary converter for sup- 
plying direct current to an Edison three-wire system, are shown in 
Fig. 2-5. 

Tile three primaries A, B, and C of the step-down transformers 
for supplying alternating currents to the rotary converter, are, 
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either Y- or A-conntwted to the high voltage supply inains. The 
three BecondarieB, a, b, and c are Y-connected to the collector rings, 
r', r", r'", of the rotary converter. The two outside direct-current 
mains, 1 and 3, are connected to the direct-current brushes of the 
converter as shown; and the middle main (neutral main) 2, is con- 
nected to the common junction, N, or neutral point, of the Y- 
connected aecondariee, a, b, and e. With these connections, the 
voltage between maine 1 and- 2 is a steady direct-current voltage, as 
is also the voltage betw.een mains 2 and 3, and each of these voltages 
is equal to half the voltage between mains 1 and 3. When the Dum- 
ber of lamps connected between mains 1 and 2 is different from the 
number connected between mains 2 and 3, or vk-e versa, the neu- 
tral main must carry a direct current equal to the difference of the 
direct currents in the, mains 1 and 3. This direct current in the 
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neutral main 2 is actually supplied through the secondary coils t, h, 
and e from the collector rings. 

Fig. 276 shows an ordinary direct -current generator G, sup- 
plying current to the outside mains 1 and 3, of an Edison three- 
wire system, and a two-phase rotary converter R, connected as a 
"balancer" to supply the necessary direct current to the middle 
main 2. Tlie armature only of the rotary converter is shown in 
the figure, its direct-current brushes being connected to the outside 
mains 1 and 3. One pair of opposite collector rings of the con- 
verter R is connected to an inductance coil a a, wound on an iron 
core, and theotherpairisconnected to an inductance coil, /j^. The 
middle point of these two inductance coils are connected together, 
and to the middle or neutral main 2, of the three-wire system. 
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133. The Six-Phase Converter. Tlie lar^e rating of a aix- 
pliase converter, as eliown in the table given in article 1 111, together 
with other advantages enumerated below, make this machine the 
standard converter, efi|)ecially for larg« substations. Tlie advan- 
tages of the six-pbase converter are aa follows: 

(a) The high rating, namely, 1.92 times the rating ot the same ma-^ 
chine as a direct-current generator, or 1.45 tlmeit the rating of the same 
machine aa a three-phase converter, means that the machine may be 
smaller and thererore cheaper for a given output. The bigli rating of the 
six-phase converter is due to the fact that its armature winding js tapped 
at six points (for a two-pole machine) , and that alternating currents enter 
the armature winding at six points, so that the length and resistance of 
the paths from collector rings to commutator are less, aud the healing of 
tlie armature windings Is less than ft is In a three-phase converter, for 
example, for the same direct-current output. 

(li) The six -phase converter runs more stably than a converter hav- 
ing a Ninaller number of collector rings, and ha^len.'i tendency to luiiit. 

Ic) The magnetizing actions of the alternating and direct currents 
in the annature are more nearly l)alanced in tlie slx-jihase iimverter than 
in a con verier having a fewernuniber of collector ringu, and cuminututlou 
is freer from sparhing and hashing. 
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133- Transtormer.Connectlonsfor Rotary Converters. Figs. 
277 to 284 show the conneetionB which are coinmorily employed 
between tranaformera and rotary converters. The circular spiral 
winding at the bottom of each figure represents the armature 
winding of a bipolar converter, the collector riiiga being ouiitted 
to avoid confusing the diagram. Figs. 277, 279, 281, and 283 
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ftliow tliv twO'pliase and tliree-phaae connections, wliilti liLriirus 
^7^, 2H0, 282, and 2H4 ai-e for six-phaBe connection. 

^:adl pair of fi-^nres, 277 and 278, 279 and 280, 2S1 and 2H2, 
2S3 Hnd 2K-1 are closely related. Tims in Figs. 277 and 278, tlio 
two tt^riiiinals of each transformer secondary coil are joined to the 
iinimtnre winding of the converter at points ISO" a[>art. Such 
connection is called the diametrical connection. The diametrical 
connection is possible when the rotary has an I'vit number of 
riiiijs. ]]) any diametricnl connection of the secondaries of the 
ste[i-d(jwii transfonners (one transformeP for a two-ring converter, 
two transformers for a fonr-ring converter, and three transformers 




Thr«9-^)aso ^ Connect mn 
for a six-ring converter), the volts 
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each secinidary coil is the 
Baiiio ill valne, no matter how many rings the converter may have. 

The diametrical connection of the transformer secondaries to 
the converter rings is simpler than the connections shown in Figs. 
280. 2S2, and 284, iimsmiieh as the diametrical connection ivquires 
only one secondary coil on eacli of the step-down trans formei-s, and 
therefore but two secondary leads are brought out from t-ach trans- 
former; whereas the connections shown in Figs. 280, 282, and 
284: require two secondaries on each transformer, and therefore 
four secondary leads from each trausformer. The switching 
arrangements for the diametrical connection are therefore simpler 
than theyare for the connections shown in Figs. 280, 2S2, and 284. 

Fig. 27!) show:, three step-down transformers rtn^jiving three- 
phase currents, and delivering three-phase currents to a rotary 
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converter, the swondaries being connected to the collector rings. 
Fig. 281 shows the same arraiigeniunt except that the eecondariee 
are Y-connected to the collector rings. Fig. 2S3 shows a Scott* 
transformer receiving currents from two-phase supply mains and 
delivering three-phase currents to a three-ring converter. . This 
Scott transformer arrangement is often called the T-connection, 
and it may be adapted with slight modification to three. phase sup- 
ply, that is, to transform three-phasi^ alternating currents into two- 
phase alti^rnating currents. 

For three-phase rotary converters, the transformers should 
preferably be connected in A, as this permits the system to be oper- 




»y Connection 

Klg. 281. 



SiX'fViaa* Douth VConnvction 
Fig. 282. 



ated with only two transformers, in case the third has to be cut out 
of the circuit temporarily for rejmirs. 

The T-connection as shown in Figs. 283 and 284 requires only 
two transfornuTs, and it can Iw used to change from either two- 
phaee or three-phase to thret--[)ha8e as shown in Fig. 283, or from 
two-phase or tliree-phase to six-phase as shown in Fig. 284. The 
Y- or T- arrangement of transformers is particularly advantageous 
where a rotary is to be used to Bup[)ly direct current to an Edison 
three-wire system. Of course, two converters can be used, one on 
each branch of the three-wire system, and this is the preferable 
method where the branches are liable to be greatly unbalanced. 

rsplalued lu detail in 
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With the Y- or T-coimectioii of transformers a single converter 
can Im cniinfctwi a»!ross,the outside wires of tlie tlirecwire Bjateni. 
the nentral wire can then Iw joined to tlie neutral |)oint of the Y- 
counection, or to a tap, in one of the transforuier windings, which 
tap corresponds to the neutral point of the Y-connection. 





Fig. ^83. 



Fig. 284. 



TESTING OP ROTARY CONVERTERS. 
Saturation Curve.^ Core Loss. Phase CtioracterlBtlc. Pulsation. 
134- For a rotary converter, the saturation and core loss 
curves are obtained in the same manner as in the case of an alter- 
nating-current generator, with the exception that the direct -current 
voltage is also recorded. The phase characteristic is determined 
and the pnlsation test is made in the same manner as for a syn- 
cbronons motor, except that the direct-current voltage should be 
recorded. The machine, of course, is run as a synchronous motor, 
being supplied with alternating current through its collecting rings. 
The pnlsation test should be made with the converter self-excited. 
135. Heat Run. To make a heat run on a rotary converter 
it may be run either as a synchronous motor taking alternating 
cnrrenta through its collector rings, or as a direct-current motor 
supplied with direct current through its brushes and commutator. 
If driven as a synchronous alternating -current motor, the full load 
output is taken from the commutator end of its armature (or vlix 
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'■'/■<'/)and is delivered to a water rlieoatat or otlier receiver. Ihiring 
till- run tlic following readings sliould be recorded every half lioiir: 



When tlie rotary fonverter has reached a constant teiiipera- 
tiire, afterniiiiiiiigcoiitimiouBlyaniiuilierof hours under rated full 
loiid conditions, the machine may tie slmt down, and thermometers 
quickly applied to measure the temperature of the following parta: 

Armature laiiilnatloua. Field eiKioltt. 

Armature veiitilat)n);ductH. Pule tip, leadiug- 

Armature coila frunt end. Pole tip, trailinK- 

Annatiire coils back ead. Frame. 

Anuature biudioK wires. Fteariu^pt. 

(.'onuuutator. Room, 
('ollector rlngB. 

The condition of constant temperature is indicated when the 
voltage applied to the terminals of the Held winding, in order to 
keep the current in thetield winding constant, no longer increases. 
In other words, the resistance of the field winding increases for s 
time due to increasing tem|)erature of the winding, and it takes an 
increasing voltage at the field terminals to maintain the field cur- 
rent constant. But when the tenijieraturB nf the field windings 
becomes constant, the voltage required at the field termiuals no 
longer increases. 

If two similar rotary converters are at hand, the heiit test may 
l>e made by the "motor-generator" method, in a manner somewhat 
similar to the method described ander transformers {mv article 
Kill). This method applied to rotary converters involves running 
one machine as an inverted rotary taking power through its brushes 
and commutator fram direct-current maiii». The sei-ond machine 
is made to run as a regular rotary converter, taking its power from 
the collector rings (that is alternating-cun-ent side) of machine 
No. 1. Ifachine No. 2 then delivers its jiower in the form of 
direct current from its commutator back to the direct-current sup- 
ply mains, or to the commutator of machine No. 1. JIachines 
riiiinbers 1 and 2 are now said to tie '-tied together in multiple on 
tiotti the direct- current and the alternating-current sides". If the 
machines are similar in every res^wct. no appreciable current will 
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flow between tlie two under these circuiiistaiiceB. Each will run 
from tlie direct-current Bide, the two tt^ther taking only enough 
power from the direct-current mains to supply the no-load losses 
in both machines. If, however, an auxiliary electromotive force 
is applied in the circuit l>etween the machines on the alternating- 
current side, it will iuimediately cause current to flow between the 
niacliines precisely as in the case of the transformer test above 
referred to. 

Fig. 285 is a diagram of the electrical connections for this 
method of ninntng. II, and U^ are the two three-phase rotaries. 




FiK- 285. 

They are shown connected together eleclrieally on the al tt! mating - 
current side (that is, the colle<tor rings of 11, are connected to the 
t'orn'sponding collector rings of II,) through the induction reg- 
uliitor* K. This regulator supplies to the circuit of each pliawn 
till! auxiliary electromotive force necessary to cause the current 
to How between the two machines. The electromotive forces 
sup[)lied by the regulator are adjustable. When the macbinea are 
lirst thrown together the regulator is in such a position that its 
electromotive forces are aero. 

■ Describeil later. 
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On the direct -current aide (commutator ends) botli m&cliineB 
are ehowu eleelrically connected to the dirrectcurrent supply iiiaiDs. 

The method of procedure iu starting the two machineB is as 
foUowB : 

Firet R, ia started aa a direct-current motor from the direct- 
current aide (commutator). Its field current ia adjusted until it 
runs at the right speed when the normal voltage is applied to its 
armsture terminals; K, is at this time entirely disconnected from 
a.. Next Rj is started in the same manner. Then R, and R, are 
synchronized and connected together, as shown in the diagram, by 
closing switches Hi, S.,, and S, on the alternating-current side. 

The apparatus for determining when the two machines are in 
synchronisni is not shown in the hgnre. The moat convenient way 
to synchronize the machines for testing is to connect up a series of 
incandescent lamps across each of'the switches S,, Sj, and S,. The 
number of incandescent lamps in each series should be such that 
they can stand twice the normal alternating voltage of each machine. 

The tield current of K,j is varied until it is almost in aynchron- 
ism with R,, as shown by the slow pulsations of the synchronizing 
lamps. When the lamps are dark, there is zero voltage across the 
terminals of the switches, and then they can be safely closed. If 
the lamps connected across the switches do not all go out at the 
same instant, the machines cannot be synchronized. In this case 
the direction of rotation of one of the machines must Iw reversed, 
or two of the leads on the alternating -current side of one of the 
machines must lie interchanged. 

Up to this time the two machines have been running inde- 
ptmdently of each other. Each has taken suthcient current from 
the mains to supply the losses occurring in it while running un- 
loaded. When the two machines are connected together on the 
alternating-current side by closing the switches S,, H.., and S^, they 
run in synchronism. If the regulator It is in its zero position, no 
appreciable current will flow between the two machines. As the 
voltage of R is increased, however, a current will circulate between 
the two machines. If the voltage of R is in such a direction that 
Vj is greater than V,, then R^ will run as a regular rotary con- 
verter, and R, as an inverted rotary. The power will pass from R[ 
to R. on the alternating-current side, and from R. to R, on the 
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direct -current side. B, will ruu as an inverted rotar^', driving R, 
on the alternating current side, and Kj will run as an ordinary 
rotary converter driving It, on the direct-current aide. 

By Butliuiently increasing the voltage of R we can cause full- 
load or even over-load conditions to obtain. The direct-current 
mains deliver merely the power to supply the losses in the entire 
systeni. Ammeter A indicates the current supplied to overcome 
the losses in the system. Under these circumstances, R, will have 
a load slightly greater than R,. Ammeter A, should give a reading 
equal to the sum of the readings of the two ammeters A and A^. 

The chief advantage of this method is that fiiU-load condi- 
tions are obtained without actually supplying full-load current from 
the direct -current supply mains. The mains supply simply the 
power losses in both machines. Another great advantage ie the 
ease with which the load can be controlled. By this method, 
moreover, two machines can be tested more easily than a single 
machine by the ordinary method. If it is desired to test one ma- 
chine only, the load may be put on in the same way by connecting 
it up with a second machine. It is not necessary in this case that the 
second machine be of the same size as the first. It is only neces- 
sary that it be of the same voltage and frequency, and that it can 
carry without excessive heating the full. load current of the machine 
to be tested. The current, during the run, is adjusted to the nor- 
mal full-load value of the machine to be ti-sted. 

THE INDUCTION MOTOR. 
13d. It has already been pointed out that the successful use 
of alternating current for power purposes depends largely upon the 
use of the i n/! iirt'om niotur supplied with polyphase cnrrents. 
This machine consists of a primary member and a secondary mem- 
ber, each with a winding of bars or wire. The primary member 
is usually stationary, and is often called the ntitt>ir. The secondary 
member is usually the rotating member, and is often called the rotm: 
Fig, 28fi shows a rotor of the Hqu'irrel-cmjis type. It consists of a 
drum A built np of circular sheet-iron discs. Near the periphery 
of this drum are a number of holes parallel to the axis of the drum. 
In these holes heavy copj)er rods b are placed, and the projecting 
ends of these rods are screwed and soldered to massive copper 
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rings i; one at ench end of tlif drum. Otlier types of rotor are 
descrilxHi later. 

The Htator is a laminated iron Hug, FF, Fig. 287, eloaely 
Hiirronnding the rotor. Tliis ring ia slotted ou its inner face, as 
shown; windings are arranged in these slots, and these windings 
jvceive current from polyphase Biipply 
mains. These jiolyphast! currents pro- 
d,u(;e in the stator iron a rotating Btat« 
of magnetism, the action of which on 
the rotor is the same as the action of 
an ordinary field magnet ntechanically 
revolved. Thus Fig. 288 shows a squir- 
rel-cage rotor A, surrounded by an ordi- 
nary field magnet revolving in thedirec- 
.„ ,^,. tion of tha arrows. This motion of the 

Held magnet indneea currents in the 
ahorl -circuited cu|)i>er roda of the rotor; the tield magnet exerts a 
drawing force on these currents, and causes the rotor to revolve. 
No electrical connections of any kind are made to the rotor. 
i37> Stator Windings and Their Action. The stator wind- 
ings are arranged in the slots «, Fig. 2S7, in a viiiiitr txoi-tly xim- 
Uiir tv the (ii-r'i7iiji'i,iciit of the VHitilinijs of the two.phase or 
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s to lie 



threi'-phiiiK idtfriiiitiir iinnntiiiv, according as the inotcir 
supplied with two-phase or three-phase currents. 

Fig. 289 shows an end view of a four-pole two-jihase indne- 
tion motor. In this figure, the outline only of the rotor [pv sec- 
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ondaiv) ia shown. TIib stator con dm- to ra are represttiittKl iti seetioii 
liy tlui sitiHll circli-a, tlie elote l>eing ointttt'd for thu sukf of clear- 
iifBrt, and tlie end foiiiiectioiiB of half tlio atator fOiidHctoi-s arc 
eltowii in Fiff. 2110. In tliiB figure tin' Btrai{i)it radial lines repre- 
sent the i-onductors which lie in t)ie slota of tlie sCator, and the 




Fig. 2.sn. 




Fig. 2 



curved lines represent the end connections. The stator conductors 
are arranged in two distinct circuits. One of theae circuits in- 
cludes all of the conductors marked A, and this circuit receives 
current from one phase of a two. phase systeni. Tlie other circuit 
includes all of the conductors marked H and this circuit n-ceivcs 
current from the other phase of the two-phase svatcm. The ter- 
minals of theB circuit are sbowu at ( ^', Fig, 2it0. The conductors 
which constitute one circuit are so connected that the current tiows 
in "ppi'ii'iif iVireciiiiiis in adjacent groups of conductors as indicated 
by the arrows in Fig. 2!'0. 

The action of a hand of con- [ I 1 i 

ductors between the two masses '-■ ■ ' hnnXn' ^ I .■7.^."^ — i 

of iron is shown in Figa. 2111 and 
2!I2, The small circles repre- 
sent the conductors in section; Fig, Jfil, Fig. 29-J. 
conductors carrying down-flow- 
ing currents are marked with crosses and those carrying up-flowing 
currents with dote. The action of the currents in these Iwtiids of 
conductors ia to produce magnetic flux along the dotted lines in 
the direction of tlie arrows. 
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Tlie lines A' and B' in the clock diagrams of Figa. 203, 2114, 
Hnd 2115 an: snppoBed to rotate, and tlii-ir projecti<in8 on the fixed 
line ly represent the iiiatantHneous valnes of the alternating cur- 
rents in the A and B conductors i-eajk-ctively. These conductors 
are represented in section by the Binall circles. These small circles 
are marked with crosses when they carry down-flowing currents, 
with dots when tliey carry up-flowing currents, and they are left 
blank when tbey carry no current. 

Fig. 293 shows the state 

N of affairs when the current 

in conductors A is a maxi- 
mum and the current in 
conductors B is zero, and the 
dotted lines indicate the 
paths of the magnetic flux. 
This flux enters the rotor 
from the stator at the points 
marked N and leaves the 
rotor at the points marked S. 
Fig. 294 shows the state 
of affairs, one-eighth of a 
cycle later, when the current 
in the B conductors has increased and the current in the A conductors 
has decreased to the same value, so that equal currents flow in the 
A and in the B conductors. The points K and S have moved over 




Fig. 293. 



X%' 




one-sixteenth of thecircninferenciMif the stator ring, fn)rTi the jioai- 
tions they occupied lu Fig. 2'.':). 
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Fig. 205 shows the state of affairs, after another eighth of a 
cycle, when the current in the B conductors has reached its maxi- 
mum value, and the current in the A conductors has dropped to 
zero. The points N and S have moved again over one-sixteenth 
of the circumference of the stator ring. This motion of the points 
N and 8 is continuous, and tliese points make oae complete revolu- 
tion (in a four-pole motor) during two complete revolutions of the 
vectors A' and B', that is, while the alternating currents supplied 
to the etator windings are passing through two cycles. In general: 

,,-2/ 




in which n is the revolutions per second of the stator-raagnetism, 
p is the number of poles (N and S). and/" is the frequency of the 
alternating currents supplied 
to the Btator windings. 

Three-Phase Stator 
Winding. When an induc- 
tion motor is driven by three- 
phase currents, the etator 
conductors are arranged in 
three distinct circuits A, B, 
and C, which areeitherA-con- 
nected or T-connected to the 
supply mains. Fig. 296 
shows the complete connec- 
tions, for four poles, of the 
A circuit with its terminals 1 1' 
connected. 

In general, the y-phase Btator winding for^ poles has 2' 'J fqui- 
distant hands of condnctors. The 1st, (^ + l)th, (2q + l)th, etc., 
bands are connected in one circuit, so that currents flow oppositely 
in adjacent bands, and this circuit takes current from one phase of 
the y-phaso system. The 2nd, (q + 2)th, {2q + 2)th, etc., bands 
are similarly connected in another circuit and take current from 
the second phase of the ^-phase system. The 3d, (y + 3)th, (2y 
+ 3)th, etc., bands are similarly connected in another circuit and 
take current from the third phase of the ^-phase system; and BO OQ. 



Fig. 296. 
The B and C circuits are similarly 
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■38. Discussion of tlie Action of the Induction Motor. Muny 

irii[)ort)iiit details uf the action of the induction motor &re nioxt 
ciisily explained I>y looking ii[K»n the induction motor as » rotor 
inllnenocd Iiy an ordinary field magnet, median ically n'volved. 
The ciniij)h!tB theory of the action of tlie induction motor is, liow- 
ever, similar to the theory of the alternatitig cnrreut ti-ansfonner. 
Tm-ijiK- 'iii'l Sj'ci'f. Let ti- be the number of revolutions per 
second of the Jield, and // the revolntions per second of the rotor. 
AVlien /' -- r', the rotor and field revolve at tlie same s])eed, so 
that tlieir i-r/iifivf motion is zero; no electromotive force is then 
indiicfd in the rotor condnctora and no current flows, and thei-efore 
tiie revolving field exerts no torque upon the rotor. As the Bjieed 
of the rotor decreases; the difference of the sjHvda of n)tor and 
field {" — "'1. inci-eases, 
and then'rom tha elec- 
tromotive force in- 
duced in the rotor con- 
ductors, the currents in 
the conductors, and the 
torque with which the 
field drags the rotor, all 
increase. If the whole 
of tlie field tlux were to 
jKiss into the rolor and out again in spile of tiie demagnetizing 
action of the current in tlie rotor conductors, then the torque would 
increase in Blrict pro[H>rtion to(« — "'). As a matter of fact, In-cause 
of tin- dennignetis'.ing action of the nitor currente, a larger and 
larger portion of the field Huxjiasses through the space between the 
!ilat<ir and nttor conductors as the sjR-ed of the rotor decrt^ases, and 
this luagnctic leakage causes the torque toincrease more and moiis 
slowly as (" - n') increases. The torque usually reaches a maxi- 
mum value, and then decreases with further increase of [11 — «('). 

Fig. 2117 shows the typical relation between torque and speed 
of an induction motor. Ordinates of the curve represent torque, 
and abscissas measured from represent rotor sjwetls. The rotor 
is said to run aliove synchronism when it is driven so that »' is 
givater than n. The rotor never actually reaches synchronous 
spee<l, but ap|)roaches it very nearly when the induction motor is 




Yin. :fl)7. 
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rnnniDg naloaded. In order to cauBti tlie rotor to run al>ovB Bjn- 
clironiBin, that ia, to make // greater tlian h, or in orHer to cause 
the rotor to run backwards (that is, in a direction opposite to that 
of the revolving niagnetiein in the stator iron), the rotor must be 
driven mechanically from an outside source of jxuver. 

StiiftiiHj J^'-x'mtiiiire ill- the Riitor Winilitiijx. The speed of 
the rotor fdr vfLich the maxim4ini torque occurs, depends upon the . 
resistance of the rotor windings, and it is advantageous under cer- 
tain conditions of operation to provide at starting such resistance 
in these windings as to at once produce the maximum torque, this 
resistance being cut out as the motor approaches full speed, A 
detailed description and discussion of rotors famished with start- 
ing resistances is given id article 139. 

Effii'i''ti'-ij mill Spe/'i/. For the sake of simplicity, let us 
assume tliat the only opposition to motion of the revolving field 
iimgnet ia tlie reaction of the torque which it exerts on the rotor. 
T>*t this torque be represented by T. Then tlie power expended 
in driving tire field magnet is 27r"T, and the mechanical pwer 
delivered to the rotor is 2itii'T, and this power 27r/''T is available 
at tlie pulley of the motor, except for slight losses due to friction 
in the bearings, and air friction. Therefore, ignoring friction 
losses, 2ttiiT is the input of power in driving the revolving field, 
and 2ir»'T is the output of power, so that 

The efficiency of the induction motor = — , 



Tliis expression for efficiency ignores all the losses of power 
in the revolving field magnet (in the actual induction motor, it 
ignores the loss of power due to the heating of the stator windings 
by the supplied albi'rnating currents, and the loss of power due to 
core losses in the stator iron), and the friction and windage losses 
in the rotor. This equation shows that the efficiency of an induc- 
tion motor is zero when the rotor stands still, that it increaiies as 
the rotor s[)eeda up, and approaches 100% {kjii'irhuj Ji'-liI /hhm^m 
and //■li'tii'ii), as the rotor speed appi-oaches the speed of the re- 
volving field. The ratio - ranges from 0.85 to 0.SI5 or more, in 

commercial induction motors under full load, but the actual full 
load efficiencies of induction motors range from 7o ]tef cent, or 
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ev«n leas for siii»Il motors, to about 113 per cent for large motors. 

Ratio of Mechanical to Electrical Bnei^y in the Rotor. Ttiu 
total power delivered to the rotor ie equal to 2jr«T where » and ' 
T have the meanings above specified. That is, all of the power 
used to drive the field magnet (ignoring losses in the field) is 
delivered to the rotor. Now, the mechanical power delivered to 
the rotor is equal to 2ir/iT, as already explained; therefore, the 
difference 2ffHT-2jrn'T* is electrical power used to force the 
rotor currents through the rotor windings. 

Therefore, when the field speed is n and the rotor speed is 
n', the total power delivered to the rotor, the mechanical power 
developed in turning the rotor, and the eWtrical power developed 
in the rotor windings are to each other as, n, n' and (» - n') 
respectively. 

Ratio of Rotor Voltages to Stator Voltages. When the rotor 
is wound with the same nninber of cx>n<luctor8 as the stator, then 
when tlie rotor is standing still, the rotating stator inagnetism in- 
duces in the rotor windings electromotive forces of the same value 
and of the same frequency as the electromotive forces induced in 
the stator windings by this rotating stator magnetism (neglecting 
magnetic leakage). Moreover, the electromotive forces induced in 
the stator windings are very nearly equal and opposite to the volt- 
ages applied to the stator windings. "When the difference of the 
speeds of the rotor and the stator magnetism is (» - n'), the electro- 
motive forces induced in the rotor windings are the fractional part. 

I I, of the voltages applied to the stator windings, and the 

frequency of the electromotive forces indiiced in the rotor windings 

is the fractional part,! - — — I, of the frequency of the voltages 

applied to the stator windings. 

Exnmplen. I^t a certain three-phase induction motor having 
a stator wound for poles, and taking three-phase alternating cur- 

* When torque Is expressed as pounds wel^bt on a lever arm of one 
foot in length the torque is said to be expressed lu pouud-feet, and power 

In watts Is e(iual to - ^ S.JJtiT watts, where n Is the speed Ui 

revolutions per second. 
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rents at a freqnency of 60 cycles and a voltage of 220 between any 
two of the three supply mains, have a rotor furnished with the 
same number of conductors as the stator. Further, let the uo-Ioad 
speed of the rotor be 1194 r.p.m., and its full-load speed be 114iJ 
r.|».m. ABsnme that the magnetic leakage is negligible. 
It is required to find; 

(o) The synchronouB speed. 

(b) The electromotive forces (three-phase) Induced In the rotor 
windings at no-load and at full-load. 

(c) The n^uencjr of the electromotive forces Induced to the rotor 
windiugB at no-load and at full-load. 

Solution: (a) The synchronous Bpeed of the rotating niag- 
netism in the stator is, according to equation on page 81-S 

n ^ -r- = 20 revolntionB per second or 1,200 r.p.m. 



(6) The electromotive forces (three-phase) induced in the 
rotor windings at no-load are 

(«-«') X voltage applied to stator 
1200- 111)4 > 



( 



X 220 = 1.10 voltB. 



1200 
Tile voltages induced in the Btator windings at fnll-load are; 

(-T2al^)x^^» = '»«™'"- 

It is interesting to note that if the slip of the rotor at no load 
were zero, or in other words, if n' were equal to n, there would l)e 
zero electromotive forces induced in the rotor windings at no-load, 

(c) The frequency of the electromotive forces indnced in the 
rotor windings at no-load is 

(» -«') X frequency of stator voltage 

/ 1200- 1194 \ or. r,^ , 

or I T.y.ui ) X oU — u.o cycles per second. 
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Kig. 302. Fig. 30.1. 

The frequency of the electromotive forces iixliiced in the rotor 

windings at full-toad is: 

/ 12()0^ 1143 \ ^ rn 0- 1 a 

{ - . - } X l)U ^ 2.ao cycles ])er second. 
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When the rotor is at rest, the frequency of the electromotive 
forces indnced in the rotor windings ia the same as the frequency 
of the stator voltage, namely, 60 cycles per second. 

EfficlenQT and Rotor Resistance. For a given difference 
[ii — «') between field speed and rotor speed, a definite electromo- 
tive force is indnced in the rotor conductors, and the less the rotor 
resistance, the greater the current produced by this electromotive 
force, and the greater the torque. Therefore a given induction 
motor will develop its full load torque for a small value (n-n') or 

for a large value of — (efficiency) if its rotor resistance ia small. 

High efficiency depends, therefore, upon low rotor resistance. 

The necessity of high rotor resistance to give large torqne at 
starting has nothing to do with the necessity of making the rotor 
resistance small in order to secure full load torqne at as nearly 
synchronous speed as posible. These two conflicting conditions 
may be realized in one motor by an arrangement whereby a resist- 
ance which is in circuit with the rotor conductors at starting, may 
be short-circuited when the motor nearly reaches its rated speed. 

139. Structural Details of a Typical Induction Motor. Figs. 
298 to 303 show the stnictural details of a typical induction motor 
manufactured by the Westinghouse Electric and Manufacturing Co. 
It has a stationary primary member (often called the Btator or field) 
and ft rotating secondary member (often called the rotor or arma- 
ture). The primary member is mounted in a hollow cylindrical 
frame of cast-iron shown in Fig. 298. This frame forms a base 
for the machine, and also supports the two end-plates which carry 
the self-oiling bearings. The iron core of the primary member con- 
sists of a ring built up of sheet-steel stampings slotted on the in- 
side to receive the primary conductors as shown in Fig, 209. The 
stampings are rigidly supported by the cast-iron housing. In 
motors of large size, each stamping is not a complete ring, but a 
segment, and these segments are dovetailed into grooves on the 
inner face of a hollow cylindrical shell of cast-iron which is held 
in the cast-iron frame of the motor. Fig. 300 shows the primary 
meml)er completely wound. 

The primary conductors are usually grouped in machine- 
wonnd coils of wire which are thoroughly taped and insulated be- 
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fore being slipped into place ia the slots in the primary iron core. 
In larger motors a copper strap bent into the proper form is nsed 
instead of wire for forming the coils. 

The terminals of the primary winding are brought out to ter- 
minal blocks of porcelain which are mounted sometimes at the top, 
and sometimes at the aide of the frame, and the leads which supply 
alternating currents to the motor are attached to these terminal 
blocks. 



Pig. 804. 

The iron core of the secondary ineniber shown in Fig. 301, Is 
built up of ring-shaped stampings of sheet-steel mounted upon a 
spider. The secondary conductors consist of rectangular copper 
bars placed in nearly closed slots around the periphery of the core. 
These bars project beyond the laminated core, and they are screwed 
and soldered at each end, to massive rings of copper, thus forming . 
a short-circuited secondary winding as shown in Fig. 302. This 
type of secondary member is called the ^ijuirrel-cage rotor. 

The complete motor is shown in Fig. 303. The large open- 
ings in the end-plates are covered with perforated iron plates, or 
gratings, which not only permit of thorough cooling of the ma- 
chine by ventilation, but also serve to protect the motor from 
injury. No electrical connections whatever are made to the sec- 
ondary member. 

Three Types of Secondary Members. There are three types 
of secondary members used in commercial induction motors. These 
types are shown in Figs. 304, 305, and 306. 
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Fig. 301 is a sqnirrel-cage rotor. Fig. 805 ia a rotor wound 
with insulated wire, forming what is called & th'finite* or^w/t?/- 
winding. The termiDals of this winding are connected to a start- 
ing resistance mounted inside of the rotor. A switch is arranged to 
s)iort-circuit tliis starting resistance, and this switch is operated 
while the motor is running by means of a rod which lies inside of 



thehollow shaft of the rotor. This rod terminates in a small button 
or knob at the end of the rotor shaft as shown in Fig. 305. Fig. 



312 shows a complete three-phase induction motor with the knob 
and rod for operating the internal starting resistance. 
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Fig. 306 IB a rotor with a winding similar to the winding of 
Fig. iJUo, but instead of connecting the terminals of the rotor 
winding to an internal starting reBistance, these tertninals are 
brought out to collector rings on the end of the shaft as shown in 
Fig. B06, The circuitsof the rotor windings are co?npleted throngh 
adjustable external resistances which are connected to the rotor 
windings by means of brushes rubbing on the collector rings. 
These adjustable external resistances are regulated by a cylindrical 
switch or controller similar to the ordinary electric street car 
controller. 

Tde cylinder has a set of contacts for making, breaking, and 
reversing the primary circuit, and another set of contacts for con- 
trolling the secondary resistance. At the first step, one phase of 
the Y-connected secondary circuit is open, making it possible to 
obtain a low current at starting with a much smaller amount of 
resistance. 

A resistance is inserted in the primary leads for the purpose 
of distributing the arcing at the contact lingers, bnt it is not used 
for the purpose of speed control. 

An induction motor provided with a squirrel-cage rotor takes 
excessive current from the alternating-current supply mains at 
starting. The squirrel-cage rotor requires from three to (oar 
times full-load current to produce at starting a torque equal to tlie 
torque developed when running at full-load. Hence, when the 
motor has to start under a heavy load, or where the taking of ex- 
cessive currents from the supply mains will interfere with other 
apparatus supplied from the,same mains by causing excessive drop 
of voltage, the squirrel-cage type of rotor is objectionable, espe- 
cially in large size motors. On the other hand, the extreme sim- 
plicity of the squirrel-cage rotor and its ability to carry enormous 
currents without injury, largely compensate for the above men- 
tioned disadvantages. 

An induction motor provided with a rotor like that ahowo in 
Fig. 305, with an internal starting resistance, takes at starting only 
about full-load rated current from the supply mains, giving a 
starting torque about equal to full-load torque. Such an induction 
motor, therefore, is used only where a starting torque not greatly 
in excess of full-load torque is requiied. The advantage of this 
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type of rotor is that it does not take excessive currents at starting, 
and it will start, therefore, without producing excessive drop of 
electromotive force in the alternating-current system from which 
the motor receives its power. The starting resistance may be made 
of copper strips, or, as is uaaally the case, of iron, cast into a com- 
pact grid form, aud having a number of contact points. The whole 
of this resistance is in series with the secondary winding at start- 
ing. Ae the motor increases in speed, a circular short-circuiting 
ring, encircling the shaft, is pushed in by the controlling rod, thus 
cutting oat the resistance in as many saccessive steps as there are 
contact points. 

An induclJon motor having a rotor provided with collector rings is 
generally used for craneH, holate, elevators, and other work where variable 
speed le required. The starting lesiBtance used Id the type of rotor shown 
In Fig. 805, Is designed to carry the rotor current for a short time only, 
that is, during starilng; if kept continuously In circuit for the purpose of 
speed control, this startiug resistance would become excessively hot. For 
speed control, therefore, an external resistance must be used. 

The range of speed control possible in the case of an induction 
motor provided with a rotor having collector rings connected to 
external adjustable resistances, is about the same as the range of 
speed control obtainable with a shunt- wound direct-current motor 
having a regulating rheostat in its armature circuit. 

140. Behavior of an Induction Motor at Starting and in 
Operation. When an induction motor is running without load, 
its speed is nearly equal to the speed of the rotating magnetic field, 
namely, synchronous speed. Under these conditions the stator 
takes only sufficient current to force the magnetic flux through the 
reluctance of the magnetic circuit, and to supply the PR losses of 
the stator windings, the core loss, and the friction and windage loss 
of the rotor. 

When the motor is loaded, its speed decreases in nearly direct 
proportion to the load, from nearly synchronous speed at no-load 
to about 98 per cent of synchronous speed in the case of large 
motors, and to about 92 per cent of synchronous speed in small 
motors at full-load. Therefore, the induction motor is practically 
a constant. speed motor. The decrease in speed expressed as a per- 
centage of synchronous speed is called the slip of the motor. The 
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Blip of large motors is thus about 3 per ceot at full-load, and that 
of email motors ia about 8 per ceot at full-load. 

When an induction motor is overloaded, it takes excessive cur- 
rent from the supply mains, and its torque increases up to a cer- 
tain value of the slip (a definite value for a given motor). AVTien 
loaded up to this point the machine is unstable, and the least 
additional loading causes the machine to "break down" or stop. 



Fig. 307. 

This maximum output which a given motor can deliver is 
QBually about one and one-half to two times as great Be its rated 
full-load output. This maximum output is proportional to the 
square of the electromotive force of the alternating currents supplied 
to the motor. Thus a certain induction motor rated at 220 volts 
has a maxiiiMiJii power output of 1.8 times its rated output. This 



,v Google 



ALTERNATING CURRENT MACHINERY 



same motor supplied with currents at 200 volts would have a 
maximum output of (0-^7,) X 1-8 = 1.49 of its rated output. 

When an induction motor is operated at slightly less than its 
rated frequency but with full-rated voltage, the speed of the motor 
will be decreased in proportion to the frequency, but its power 
output will not be greatly affected. The efficiency of the motor, 
and its rise of temperature 
under full-load, will be ap- 
proximately unchanged, 
and the maximum power 
output will be slightly in- 
creased. 

An induction motor 
having a aquirrel-CHge 
rotor will develop auttic- 
lent torque to start satis- 
factorily with from 40 per 
cent to 60 per cent of the 
rated voltage applied to 
the primary member. 
Therefore, the current re- 
quired at starting uiay be 
greatly reduced by supply- 
ing the primary member, 
at starting, with current 
through a step-down trans- 
former which is designed 
to reduce the supply volt- 

a^ to 40, 50, or 60 per cent of the rated voltage of the motor, 
and to multiply the delivered current in the same ratio. This step- 
down transformer is usually an auto-transformer. This auto- 
transformer, with its special switching device for changing the 
motor connections quickly from the low-starting voltage to the foil- 
running voltage, is called an auto -starter, or a compensator. The 
auto-starter may be located at any convenient point, either near 
the motor or at a distance from it. 




Fig. dm. 
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Fig. 307 shows a General Electric controlltr for induction 
motors of 50 to 150 II. P. inclusive. Fig. 308 is a general view of 
an anto-atarter or compensator aa manufactured by the Westing- 
hoase Electric and Manufacturing Co. Fig. 309 shows the com- 
plete connections of this starter to two-phase supply mains and to 







Top Vi^iM of Sw/VcA 
Fig. 309. 

the terminals of a two-phase induction motor. A four-pole double 
throw switch, of which a side view is ahown in the upper part of 
Fig, 309, disconnects everything from the supply mains when 
the switch lever is in the "off position". When the switch lever 
IB in the "starting position", it connects the supply mains to the 
terminals a a' and b h' of the two auto- transformers, and at the aame 
time it connects phase A of the motor to a section ('f'l, (/'2, or t/'B) 
of the auto -trans former A, and also connects phase B of the motor 
to a section (i'l, J'2, or S'3) of the auto -transformer B, as may be 
seen by tracing the connections in Fig. 309. When the switch is 
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in the "running position," it connects the motor terminals directly 
to the Bnpply mains, and disconnects the terminals a' and b' of the 
auto- trans formers. To start the motor, the switch is thrown to 
the "starting position", and is left there until the motor reaches 
nearly full speed and then the switch is quickly thrown over to 
the "running position." The voltage for starting may be given a 
large, medium, or small value (say, 60 per cent, 50 per cent, or 40 
per cent of the rated voltage) by throwing the two switches «» to 



fltflwny Poa/iionof ■St/iiefi 




tap points 1, 2, or 3, respectively. The time required for bring- 
ing an induction motor from rest up to rated speed varies from 10 
seconds to 30 seconds, according to the value of the starting voltage 
used, and according to the amount of load on the motor at starting. 

Tlie direction of rotation of a two-phase motor is reversed by 
reversing the connections of one of the phases, that is, by revers- 
ing the connections of the two wires belonging to one-phase sup- 
plying current to the stator windings of the motor. 

The direction of rotation of a three-phase (three-wire) motor 
is reversed by inte>changing the connections of any two of the 
three wires used to lead the three-phase currents to the stator 
windings of the motor. 

Fig. 310 shows the general arrangement and complete con- 
nections of a three-phase induction motor, with auto-starter, or 
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compenBator, inanufuctured by the General Electric Co. The com- 
pensator consists of three auto- trans formers A, B, and C, each 
having a number of taps, 1, 2, 3, and 4, to any one of which the 
wires WWW may be connected; and a special five-pole, donble- 
throw switch. The blades of this switch touch only three contact 
points when the switch-lever is in tlie " niniiing jHwition." and 



Fig. Sll. 
touch five contact points when the switcli-lever is in the "starting 
position." This three-phase starting compensator is essentially 
similar to the two-phase starter, and the conneetioDs may be easily 
traced in Fig. 310. 

141. Typical laduction Motor Installations. Fig. 311 is a 
general view of a 500 horse-power Westinghouse induction motor, 
designed for direct coupling to its load. 8tich direct-coupled in- 
duction motors are often used for driving pumps, and are frequently 
used instead of steam engines for driving direct-current generators 
when rotary converters will not operate satisfactorily, for driving 
direct-current arc-lighting dynamos, for example. 
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Fig. 312. 

The laiiiinatioiiB of both the stator and rotor of large indnc- 
tion motors are providt-d with ventilating dncts throngh which air 
is driven by centrifngal action. Fig. 311 shows a namber of holes 
in the cast-iron casing through which the air flows after passing 
throngh the ventilating dncts between the lamiuations of the rotor 
and the stator. 

Fig. 312 shows an induction motor driving a triplex pnmp. 
This induction motor has a starting resistance inside of the rotor, 
and the switch rod and knob are shown projecting from the rotor 
shaft at the left. (See article 139.) 

Fig. 313 illustnitee a very common method of installing in- 
duction motors when used for driving line shafting in shops or 
factories. The motor is shown bolted in an inverted position to 
the ceiling by means of lag screws, and la furnished with two 
pnlleys, each belted to a different line shaft. 

Since induction motors require no adjustment and practically 
no attention, they may be installed when direct-carrent motors are 



,v Google 



330 ALTERNATING CURRENT MACHINERY 

not suitable, witli the cooaequent advantage uf saving valuabla 
floor apace. 

14a. The Single-Phase Induction Motor. When an induc- 
tion motor (two-pbaae or three-phase) is o»ce started, and is run- 
ning at full speed, all the phases hut one may be disconnected from 
the primary iiiuinber and the machine will continne to operate and 




Fig. 3ia. 

carry a very considerable load, say two-thirds as much load as when 
all the phases are connected to the supply mains. 

An induction motor, however, will not start when one phase 
only of its primary member is connected to eingle-phaae supply 
mains. Therefore when it is to he driven from single-phase mains, 
special provision for starting must he made. An induction motor 
designed to operate from single-phase mains and provided with 
special ai:rangements for starting, is called a aijujle-phase induc- 
tion motor. 

Three methods of starting single-phase motors are in general 
use, as follows: 

(h) Hand Starting. Very small induction motors may be 
started by giving a vigorous pull on the belt which connects the 
motor to the macliinery wbicb it drives. 

(Jj) 5plit-Phase Starting. When an alternating current 
divides between two branches of a circuit, there is a phase difler- 
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ence between the currents id the two branches, if the ratio of reeiBt- 
ance to reactance is different in the two branches. This is espe- 
cially true if one branch coDtaine a condenser. Now a two-phase 
motor will start when the currente in the two stator circuits are 
leas than 90° apart in phase, although the starting torque grows 
k'ss and less as the phase difference of the two currents decreases. 
The dephasing of the two parts of a single alternating current in 
two dissimilar brancbea of a given circuit, is called phane-iij)litting, 
and a single-phase induction motor may be arranged to etart ae a 
Iwo-phase motor, by splitting a single-phase current, and naing 



Fig. 314. 

the two parts of the split current exactly as one would use xwo gen- 
uine two-phase currents. 

Fig. 314 shows the stator of a 2-horae-power single-phase in- 
duction motor of the Iloltzer- Cabot Electric Co. One set of stator 
coils, the "working coils", consist of many turns of coarse wire 
occupying three-fonrths of all the stator slots, and the other set of 
stator coils, the "starting coils", consist of fewer turns of fine wire 
occupying one-fourth of all the slots. 
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At starting, both sets of coiU are eonoected to the Biogle- 
phase BQpply ntaiDs, and the difference in the resietance and react- 
ance in the two sets of coils splits the single-phase cnrreDt sup- 
plied, sufficiently, to give a slight starting torque. This type of 
split-phase induction motor cannot start with any considerable 
load, hence the load, if it is dilBcalt to start, should be thrown on 
to the motor by means of a friction clutch after the motor is run- 
ning at full speed. The rotor uBed in the Iloltzer-Cabot motor is 
of the squirral-cage type. 

Fig. 315 shows a ^-horse-power single-phase induction motor 
made by the General Electric ('o., and provided with a condenser 




which is connected in series with one phase (the starting coils) of 
the etator windings in order to give something approaching !I0' 
phase difference befcween the split-phage currents. A condenser 
for a givon volt-ampere capacity can Iw constructed much more 
cheaply for high than for low voltage. Tlierefore the condenser- 
compensator made by the General Electric Co. is provided with a 
small step-up transformer (auto-transformer) so that the condenser 
may be designed for high electromotive force. 

Fig. 316 shows the complete connections of the single-phase 
induction motor ot the General Electric Co., with its condenser- 
compensator; the condenser is shown at i/ a represents the auto- 
Atep- up- transformer. The main stator windinn; of the motor is 
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d e, and the starting winding e is connected to the middle otd eoi 
shown. The motor is thus a three-phase motor at starting. When 
the motor reaches fnll' Bpeed, the starting winding c is discon- 
nected, and the winding d e then operates as a single-phase winding. 

A single-pIiaBe motor will mn in either direction equally 
well, depending only upon the direction in which it is started. 

Therefore the hand-started motor 

may be started in either direction. 
The direction of starting of the 
split-phase motor may be reversed 
by reversing the connections of 
the starting winding. 

{e) Repulsion Motor Start- 
ins. If an ordinarydirect-current 
dynamo were provided with a lam- 
inated field magnet, and if its field 
magnet were excited by an alter- 
nating current, currents would be 
induced in the armature windings 
by the alternating field, provided 
the brusliea of the direct current 
machine were set at an angle of 
about45°{fora two- pole machine) 
from their proper position for col- 
lecting a direct current. These 
currents induced in the armature would be acted upon by the alter- 
nating field BO as to produce a torque which would cause the arma- 
ture to rotate. A self-starting single-phase alternating-current 
motor constructed on this principle is called a repulsion motor. It 
is not entirely satisfactory in operation, but the repulsion -motor 
principle furnishes the best means for making a self -starting single- 
phase induction motor, that is, a motor which is arranged so that 
it can act as a repulsion motor while starting, and which by chang- 
ing certain inside connections can be altered into an induction 
motor when it reaches full speed. 

Fig. 317 is a general view of a single-phase induction motor 
arranged to start as a repulsion motor, and built by the Wagner 
Electric Manufacturing Co. The motor shown has a four-pole 




Fig. 316. 
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Btator wiDcling, the iron stator core being made very much like the 
core of an ordinary induction motor, namely in the form of a lam- 
inated ring closely surrounding the armature, and slotted on its 
inner face. 

The armature is of the ordinary direct-current drum type 
provided with a disc commutator with radial commutator bars. 




Fig. 317. 
Four (for a four-pole machine) Bhort-circuil^jd bruehes are pressed 
against the face of the disc-shaped commutator as shown in Fig. 
317. At starting the stator winding is connected to the single- 
phase supply mains, and the machine starts as a. repulsion motor. 
Inside of the armature are two governor weights V, Fig. 318, 
which are thrown outwards by the centrifngal force when the 
machine reaches full speed, thus pushing the solid copper ring K, 
into contact with the inner ends of the conimntator bars L, and 
thus completely short-circuiting the armature winding. At the 
same time barrel I, which is pushed endwise by the governor 
weights and which carries the short-circuiting copper ring K, 
pusJies the brush holder or rocker arm endwise, and lifts the 
brushes off the commutator. 

In starting the Wagner single-phase motor, the supply volt- 
age is usually reduced to a fractional part of the full running 
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Toltsgt). Tliia is aeconipliBhed by the use of a small step-down 
transformer, usually an auto-traDBfonner, in much the same way 
as has been explained in connectioD with the an to- starter or start- 
ing compensator for two-phase and three-phase induction motors. 
143. The Induction Qenerator. An induction motor runs as 
a motor at a speed less than the speed of the rotating magnetism 
in the stator iron (synchronous speed). When the motor load is 
decreased, its speed approaches synchronous speed, and the intake 
of power from the Blternating-current mains falls off more and 
more. If the rotor is driven by an external source of mechanical 
power, it may be speeded up to synchronism, in which case the 




intake of power becomes zero (except for core loss m the stator 
iron) If now the rotor is speeded above synchronism by the exter- 
nal source of power, the stator wmdmgs deliver power to the alter- 
nating-current m&iDB, 2}rov'f/ed the aJterimtlng-eurrent generator 
Temainn conitecti'd to the inaiiii to fix the frequency. When an 
induction motor ia so used, it is called an indiirtion generator. 

144- The Frequency Changer. An induction motor pro- 
vided with f rotor having a definite winding with terminals 
brought out to collector rings, see Fig. 30H, may tw used as a 
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ao-caWadyrequetu-i/ fhtiwjtr. When the rotor stands atill, the rota- 
ting Btator magnetism induces electromotive forces at fnll fre- 
quency, that is, of the same frequency as the alternatiDg currents 
supplied to the atator. If the rotor runs at one-fourth apeed, let 
UB aay, the relative speed of the rotor and the atator magnetism is 
three-fonrths of the speed of the latter, and hence electromotive 
forces of three-fourths full frequency are induced in the rotor 
windings. If the rotor is run backwarda at, let us say, oue-balf 
of the speed of the stator magnetJBm, then the relative speed of 
the rotor and the stator magnetism is one and one-half times the 
speed of the stator magnetiBm, and electromotive forces of one and 
one-half times fnll frequency are induced in the rotor windings. 

Exiiinples. A certain induction motor runs at one-third syn. 
chronous speed {n' = ^ n, see article 138), then, ignoring stator 
losses, all of the power delivered to the stator is transmitted to the 
rotor, and of this total power one-third appears as mechanical 
power driving the rotor, and two-thirds appears as electrical power 
developed in the rotor windings. This electrical power, ignoring 
the resistance Iosb iu the rotor windings, is delivered to the rotor 
collecting rings. 

Furthermore, if the rotor has the same number of conductors 
as the stator, then the electromotive forces between collector rings 
are two-thirds as great as the voltages applied to the stator wind- 
ings, and their frequency is two-thirde as great. 

If the rotor of an induction motor is driven backwards by an 
external source of power at one-half aynehronous speed {«-' = -^n), 
then all of the electrical power delivered to the stator together 
with the mechanical power used for driving the rotor, appears as 
electrical power in the rotor windings, and the rotor voltages are 
one and one-half times as great in value, and one and one-half 
times aa great in frequency as the voltages applied to the stator. 

The stator current in an induction motor, or a frequency 
changer, is sufficient at no load to magnetize the stator. This stator 
current is called the no-load currentof the raachine. When current 
is taken from the rotor, an equal (and opposit*) additional current 
is taken from the supply mains by the stator windings, exactly as 
hi, the case of the transformer^ as explained in article 82. 
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The above statetnenta are based on tlie assumptioD that the 
rotor windinga are exactly like the Btator windings, both as to the 
nninber of conductors, and as to the gronping of the conductors 
into separate circuits or phases. If the rotor has half as many 
coadnctors as the stator, the rotor voltages are halved and the 
rotor currents are doubled, other things being equal. 

In alternating -current plants, designed primarily for the trans- 
missioii of power, and hence using a low frequency {e.g., 25 to 40 
cycles per second), there is sometimes a need for a limited amount 
of current of a higher frequency. To meet such conditions, a fre- 
quency suitable for lighting purposes, 60 cycles or more, may be 
cheaply and easily obtained by means of the frequency-changer. 
This is esaentially an induction motor as explained above, the rotor 
of which is driven mechanically by an auxiliary synchronous motor 
in a direction, usually opposite to its natural rotation. The current 
of lower frequency is fed to the stator windings and the current of 
higher frequency is taken out of the rotor windings by means of 
collector rings. The frequency of the motor current will depend 
on the speed at which the rotor is driven as explained above. Thus, 
if the rotor ia driven at its rated speed but in a direction opposite 
to its natural rotation, the frequency of the current delivered by it 
to the collector rings will be twice the normal, or if run at half the 
normal sjieed in its natural direction, the frequency will be one- 
half the normal. To change a current with a frequency of 40 
cycles into one of RO, the motor would be run at one-half speed in 
an opposite direction, while to obtain 60 cycles from a 25-cycle 
current, the rotor would run nearly one and one-half times the 
rated speed in an opposite direction. 

The total power delivered to a frequency changer is partly 
electrical pwer delivered directly from the low fre<ineney supply 
mains to the stator of the frequency changer, and partly mechan- 
ical power delivered by lielt to the rotor of the frequency changer 
from the auxiliary driving motor. The power output of the fre- 
qnency changer is wholly electrical and in the form of increased- 
frefpiency alternating currents from the rotor. 

The electrical power delivered to the stator of the frequency 
changer ia 
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and the tnechauicsl power delivered by belt to tlie rotor of the 
frequency changer is 

where P is the total power delivered to the machine. This power. 
1*, is nearly equal to the total power delivered by the machine at the 
increased frequency, being a little f»reater on account of power losses 
in the Diachine, y is the low frequency of the alternating currents 
supplied to the stator of the machine, andy" is the higher frequency 
of the alternating eurrents delivered by the rotor of the ntacliine. 

Therefore, the rotor of the frequency-changermust be designed 
for tlie total output of power at the higher frequency, and the 
stator of the frequency changer must be designed for the intake of 
the amount of power, P^, which is supplied to it electrically. 

For example, a frequency -changer rated at 100 K. W. to change 
a 40-cycle current to one having a frequency of 00 cycles per sec- 
ond would Ik) made up a* follows; 

An auxiliary driving synchronous motor rated at 33.3 K.W. 
designed to take current from 40-cycle mains at a speed of, say, 
GOO r.p.m. It would therefore have eight poles. Its armature 
\yould be direct connected to the rotor of the frequency-chaoger 
which would be rated at 100 K.W. The stator of the frequency- 
changer would be rated at 60.7 K.W., and would be supplied with 
current having a frequency of 40 cycles per second. If wound for 
four poles, the synchronous speed (as an induction motor) of the 
rotor of the freiiuency-changi'r would be normally 1,300 r.p.m. 
But by driving the rotor (by the auxiliary synchronous motor) at a 
spei^d of nOU r.p.m. in a direction opposite to its natural rotation, 
the frequency of the rotor currents will }>e that due to an equivalent 
Hjieed (if 1,200 ^- 600 = 1,800 r.p.m.; corresponding thus to a 
fre<]neney of 60 cycles per second. 

For the sake of a simple illustration, the ratings as given 
above are based on the assumption of a 100 per cent efficiency, 
which, of course, on account of the unavoidable power losses, is 
never realized in practice. 
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It is evident that the frcqiiency-cbanger can at the satiie time 
be designed to change the electromotive force l)y using a suitable 
number of turns in the stator and rotor windings. It can also Iw 
used to change the number of phases of the system by providing a 
rotor wound for a number of phases different from that of the 
stator. For instance, it may be designed to convert from three- 
phase, (J,000 volte, and 25 cycles, to two-jjbase, 2,500 volts, and 
02,5 cycles. On account of this flexibility the frequency -changer 
ia sometimes called a "general alternating-current transformer". 

■45. Comparison of Synchronoiu Motor and Induction Motor. 
To summarize the eharacteristic behavior in service of synchronous 
and induction motors, and to simplify the comparison between 
them, the following tabular statement in [)arallel columns, prepared 
by Mr. C. F. Scott, ia given. 

Tlie induction motor chosen for comparison with the syn- 
chronous motor is of the so-called "squirrel -cage" type, started by 
applying a low electromotive force to the primary winding. Tlie 
description following will, of course, require modification in some 
particulars, if the secondary is furnished with adjustable resistance, 
but these modifications are of minor importance and do not affect 
the general comparison. 

SYNCHRONOUS HOTOR. INDUCTION MOTOR. 

V AUXILIARY APPARATUS REQUIRED. 

1. A etartlug motor; or, if self- 1. A tn'o-way maia switch with 
Btaitlng, some form at reHistauce or auto-trausroTinere giving a low 
transformer for reducing the volt- E.M.F. for starting. This may be 
age. at any distance from the motor. 

2. Ad exciter, driven by the mo- 
tor or otherwise, with elreults to 2. No exciter Is required, 
switchboard and motor. 

8, Bheoetats for exciter and mo- „ „ „ . 
(pj, 3. No field rheostats are re- 

4. lustruments for Indicating ''"i.^^^o Instrument* are re<,uired. 
when Held current is properly ad- 
Justed. 

5. Main switch and exciter 5. No exciter switches ere te- 
Bwltches. iiulre;!. 

6. A friction clutch Is required 6. fto friction clutch is re<iuired, 
lu many cases. as the motor starts its load. 
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CONSTRUCTION. 

SYNCHRONOUS MOTOR. 

1. Field wlDdliig with many 1. 
tumfl. Liable to accident from 
"Held discharge" if exciting cui^ 

rent Is suddenly broken ; or from 
hiffb £.M.F. by Induction from the 
armature If the field circuit is open. 

2. Collector rings and brushes. 



INDUCTION MOTOR. 

Becoudary, short-circuited. 



2. No moving contactaoi 
rel cage " secoodary. 



. NORMAL STARTINO. 



1. Motor is brought up to speed 
without load ; If starting motor Is 
need, the main motor must be 
brought to proper speed and "syu- 
chrouized"; if self-st&rUng, the 
starting devices must be cut out of 
circuit at the proper time. 

2. Exciter is made ready for de- 
livering proper current and the 
motor field must be excited, ad- 
justments being made until Instru- 
ments give proper indication. 

8. Load Is thrown od by miction 
clutch or other means. 



1. Throw switch to starting and 
then to ruuuing position. 



2. There is no exciter. (The mo- 
tor Is ma^netlxed by lagging cur- 
rent from the generator.} 



ABNORMAL-STARTINO. 



1. If the several operations In 
starting be performed Improperly 
or In wrong order, injury may re- 
sult. If a starting motor Is used, 
the synchronizing may beat- 
tempted at an improper speed or 
phase; if the motor Is self-starting 
and It is connected to the circuit 
without the starting devices, a large 
current will flow which may Induce 
a high E.M.F. in the Held circuit; 
If the field circuit be open, a high 
E.M.F. may be induced in It at 
other timea also. 

2. If a load having inertia be 
applied by closing the friction clutch 
too quickly the motor may be ovei^ 
loaded and stopped. 

3. Ifmotor stopB owing to fall- 
are of current supply. It is not self- 



1. The only possible error is in 
starting with the switch in the run- 
ning or full voltage position, which 
simply causes the motor to exert a 
greater tori(ue and consume a 
greater current than Is necessary. 



2. The motor starts its own load 
and reijulres no friction clutch. 



3. Themotorwlll stopif the cur- 
rent is cut off at the power house 
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SYNCHEtONOUS MOTOR. 



INDUCTION MOTOR. 



starting when the current returns, aud then start again when the c 
An attendant is always retiuired rent is supplied to the circuit, 
fur starting. 

V STARTING AND MAXIMUM RUNNINa TORQUB. 



1. The starting tor<|ue of the self- 
starting motor Is very small and 
an excesBtve current Is required 
fur developing It. The motor starts 
as an luductiun motor, but InelH- 
cleutly, as the design which Is beet 
for syuchronous running is not good 
for starting. 

2. The masimum torque ts sev- 
eral times the full load torciue, and 
occurs at synchronous speed ; be- 
low this speed the torque Is very 
small ; any condition which mo- 
mentarily lowers the speed causes 
the motor to stop. 



1. The starting tonjue Is adjusta- 
ble aud may be several times full 
load torque. 



2. The maximum torque Is usu- 
ally greater than that of the syn- 
chronous motor, but it occurs at a 
reduced speed and there ts a la^e 
torque at lower speeds. 



1, The motor has asingle deHulte 
speed ; at other speeds its tor<|ue Is 
very small, and the current Is very 
large. 



I. The motor may be designed 
for a practically constant speed, 
with large torque at lower speeds; 
or for several definite speeds by 
chaagiiig the number of poles; or 
for variable speed, for cranes, eleva- 
tors, hoists and the like. 



1. tr there is useful eUrting 
torque tlie current required for pro- 
ducing it is very great. 

2. The running current depends 
upon the wave form. If the wave 
form of the motor and of the circuit 
differ, a corrective current will fol- 
low, which cannot be eliminated by 
adjustment of field excitation. 

3. The running current depends 
upon uniformity of alternations of 
the current, i. e., upon the uniform- 
ity of the speed of the generator and 
other synchronous motors. The mo- 
tors attempt to follow the generator 
speed exactly. Ifthelatterpulsates, 



1. The starting current may be 
made proportional to the tor<]ue, 
and Is IX to 2)^ times that required 
for the same torque at high speed. 

2. The running current is prac- 
tically independent of the difference 
in wave form, as it has no wave 
form of its own. 



8. The current is practically iu- 
dependeut of fluctuations In gener- 
ator speed, as there is a slip between 
the synchronous aud the actual 
speed of the motor. 
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SYNCHRONOUS MOTOR. 

themotorsiiulsatealHo; they vibrate 
about a mean imhUIuu, "huuUng" 
or "ptinipiuK." Oue motor puiup- 
lug lucltea others. The curreut 1b 
iucreatted eveu though the voniU- 
tlons may ittill be ojieratlve. 

4. The nuitiliig curreut depeiiilH 
uiwii the relatiou between the Held 
curreut (which in adjusted by the 
atteudaut) aiid the E.M.R of the 
circuit. The lualu curreut may be 
made leadiug or lagging or theoret- 
ically it may be neither. The E.M.F. 
of the circuit isau elemeut which is 
uader th« partial control of the at- 
tendants at every motor, as well as 
at the generator station. 



INDUCTION MOTOR. 



4. The curtent Is not subject to 
any a<ljuBtmeutB which the motor 
attendant can make, nor Is the 
E.M.F. of the circuit in any way 
under Mb control. 



POWBR FACTOR. 



1. As the power factor is the re- 
lation between actual current and 
euetgy current. It la dependeut upon 
wave form, hunting, and held cur- 
rent. Under favorable coudlllouB, 
the motor may have a high power 
factor; under many actual coudl- 
tlona It may not ; under some con- 
ditions the highest attainable power 
factor Is less than that of the Induc- 
tion motor. 

2. The current may be lagging 
or leading. 



1. The power factor varies with 
load, but le deflnlte and la practi- 
cally Independent of wave form and 
hunting. 



2. The current to the motor ts 

always lafj^lug current. 



REACTION UPON UENERATOR AND CIRCUIT. 



2. A motor may augment the 
fluctuatious In generator speed by 
the oscillation of Its own armature. 
One motor may Increase the dis- 
turbance In the circuit so as to In- 
terfere with other motors not other- 
wiae eerlouHly affected. 

3. As the curreut may be either 
lagging or leading, the drop In 
KM.F. In the generator, and be- 



1. The motor has no wave form 
to Impress upon the circuit; its 
tendency is to smooth out Irregu- 
larities In a wave not a sine. 

2. The motor has a damping ac- 
tion U|>on fluctuations In frequency ; 
In Home cases a syuchiouous motor 
which hunts may run smoothly 
when an InductioD motor is con- 
nected to the same circuit. 

H. The drop in E.M.F. is always 
greater than would be caused by 
tiou-luductlve load. 
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SYNCHRONOUS MOTOR. 

tween geneTator and motor may be 
either more or lean than that which 
could be caused by a iion-liiductlve 
load or by an inductlou motor. 

4. ir a Bhort-clrcult occurs In the 
trantimlenlon syBtem, the motoFacte 
BB a generator, which thereby 
greatly Increases the current and 
the iDt«nslty of the short-circuit. 

6. If the circuit Is opened, either 
by a switch, a circuit brealier, a fuse, 
or the breaking of the line, the mo- 
tor speed falls, its E.M.F. Is no 
longer In phase with that of the cir- 
cuit; the two are tliereby added, 
thus doubling the normal B.M.F. 
and bringing Increased strains on the 
insulation and the opening devices. 

CAUSES WHICH rXKY ACdDENTALLY ST<H> A 

Mbntentary lowe 



INDUCTION MOTOR. 



4. The motor does not generate 
current when there la a short-clr- 



5. The motor does not generate 
R.M.F when ItlsdlBconnectedfrom 
the circuit. 



E.M.F. ca 
in speed. 



ary lowering of 
lomentary decrease 



E.M.F. caused by short circuit on 
the line, or by accident at another 
motor, or by error in synchronizing 
a generator, or by the "switching 
over" of the motor from one circuit 
to another, is apt to cause the mo- 
tor, particularly If carrying load, to 
fall from synchionlsm and stop. 

2. A heavy load, even momen- 
tary, may exceed the limiting 
torque and cause the motor to drop 
from Bynchtonlam, even though the 
load be removed immediately. The 
connection between generator and 
motor is ligid. 

8. If the generator speed sud- 
denly increases, a motor carrying a 
load having Inertia may t>e unable 
to Increase iU speed quickly with- 
out exceeding the limiting torque, 
which will cause the motor to stop. 

SUMMARY. 

' 1. Themotorlsanocficeelement 1. The motor is a pantive ele- 

tn the system ; It acts as a genera- ment in the system. Each motor 

tor In impresfling its own vttve attends to its own work and does 

form, Ita E.M.F. and its fluctua- not tiy to run the system. 



2. An excessive load receives the 
stored energy ofthe motor and of the 
load Itself as the motor speed fbtis ; 
when the excess load Is removed 
the motor speed increases again. 
The connection between generator 
and motor Is elastic. 

». The motor readily follows 
changes in generator speed. 
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SYNCHRONOUS MOTOR. 

tloQB Upon the circuit. Theee fluc- 
tuatiuua may be caused by an luter- 
mltteut load. 

2. The motor is a Beusltive ele- 
ment In the syutem. Its eucceseful 
operation li dependent upon a 
proper relation between the design 
of the motor Itself and of other ma- 
cblueH In the system. Its success- 
ful operation alsodepeods upon the 
proper adjustment and freedom 
from speed fluctuation In generators 
and other motors. It Is liable to 
momentary variations from normal 
coudltions, such as a sudden over- 
load and sudden increase of gener- 
ator speed or a momentary fall in 
E.M.F. 

3. The motor requires skill and 
care on the part of the attendant 
for starting, for readjusting and for 
keeping the various brushes and 
auxiliary apparatus In condition. 

4. The power factor is under the 
control of the operator and the cur- 
rent may be made leading or lag- 
ging. tnstrumentB are necessary In 
order that proper adjustments may 
be made by the attendant. 



5. The motot and Its operation 
are complex and Involve many pos- 
sibilities of accident. 



INDUCTION MOTOR. 



2. The motor la not sensitive to 
differences in the design of other 
apparatus operating un the same 
system. 



3. No experience and electrical 
skill are required of the attendant 
and there is little or nothing to get 
out of order either through careless- 
ness or design. 

4. The motor has a definite 
power factor, depending upon the 
load ; the out-of-phase current does 
not vary greatly at different loads. 
The changing load, therefore, has 
comparatively little effect upon the 
drop In voltage and In regular serv- 
ice there Is little liability that the 
motor will disturb the E.M.F. of 
the circuit. 

5. The motor aud its operation 
are simple aud reliable. 



The aynclironouB motor is obviously not snitable for general dU- 
tribnt ion of power, owing particular! j to its lockof starting torque, 
the skill required in attendance, and tbeliability of the motor to stop 
if the t'onditiona become abnormal. Theee objeutiojabte features, . 
however, are of much leas importance when motqrsare installed in 
substations or are of sufficiently large size to justify an attendant. 

The characteristic of the synchronous motor which may be 
particularly advantapeouB is the fact that the power factor of the 
current can be varied and that the current may be made leading. 
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MOTOR-OENERATORS. 

I4da. Direct current may be obtained from an alternating 
current circuit or circuits by tlie rotary converter or by a motor- 
generator. A mo tor -generator for alternating-current work con- 
sists of an alternating-current motor driving one or more direct- 
current generators. The motor may be of the induction or of the 
synchronous type. In either case the motor is usually mounted on 
the same base with, and mechanically coupled to, the generator. 

A mo tor -gen era tor employing a synchronous motor does not 
seem to possess any essential advantages over the rotary converter, 
except in some cases where the Independent control of the direct- 
current volt^e is desired. The use of the synchronous motor does 
not remove the objections to the rotary converter which are based 
on the fact that it is a synchronous machine. 

A motor- gen era tor employing an induction motor has the 
advantage of using induction instead of synchronous apparatus, 
thereby securing many of the advantages summarized above in the 
comparison between synchronous and induction motors. 

Circuits which are supplied by alternating- current generators 
in which the speed has a rapid and periodic fluctuation, or in 
which for any other reason the conditions are such ae to cause 
"hunting" in synchronous machines, may, however, satisfactorily 
ojHjrate an induction motor driving a generator. The various char- 
acteristics of the induction motor under emergency conditions, 
such as a sudden overload, momentary interruption or lowering of 
tlie voltage of the supply circuit, may cause little or no inconveni- 
ence if the induction motor ie used, whereas it might cause serious 
interruption to a rotary converter or a synchronous motor. The 
induction motor driving a generator is also to be preferred where 
the size of the units is quite small and the attendance is unskilled. 
The armature for the induction motor should in general be of the 
squirrel-cage type as the required starting torque does not exceed 
20% of full-load torque, and the required starting torque can be 
obtained with about full-load current. 

The rotary converter, like the synchronous motor, is not suit- 
able for general distribution in small units. It has the advantage 
over the motor- generator in point of cost, there being but one 
machine instead of two; in point of efficiency, there being the loss 
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in one iiiacLiue inetuad of two; and in its efFuet upon the voltage 
of tiie traDBmiBsion eystfin as a whole, as it may be componndfKJ 
to overcome the drop wliitli would otherwise occur in generator 
and transiniBsiori circuit. 

On the other hand, the electromotive force of the direct cur- 
rent delivered by the converter has a more or Ibbb fixed relation to 
theelectroQiottve force of the alternating currents supplied; whereas 
the electromotive force of a motor-driven generator is independent 
of the electromotive force of the supply circuit, and it may be ad. 
justed or compounded as may be deaired. In practice, however, it 
is found that the voltape delivered by a rotary converter can be 
satisfactorily adjusted and controlkfd by regnlatiug devices or by 
compounding, so that usually the close relation between the elec- 
tromotive forces at the two ends of the converter is not disadvan- 
tageous, provided the electromotive force of the supply circuit is 
reasonably constant. This statt^ment npplii'B to those eases where 
a practically constant direct -current voltage \s desired. There are, 
of course, special cases, in which the voltage is to be adjusted over 
a wide range, or where, for other reasons, the motor-generator is 
to be preferred. In many cases the motor may be operated with- 
out requiring step-down transformers, whereas they wonld be 
necesaary with rotary converters. 

Motor-generator seta are often used in central stations in con- 
nection with arc-lighting service- In these cases alternating-cur- 
rent motors are used for driving arc-lighting generators, ae in the 
large plant of the Buffalo General Electric Company. Tliey are 
also used in some places for supplying three-wire direct-current 
lighting circuits from alternating-current mains. 

Motor-generators are often used in central stations for fur- 
nishing direct current to the field-magnet windings of alternators, 
the direct-current generator part of the set acting as the exciter 
for one or more large alternators. The alternating current sup- 
plied to the (synchronous or induction) motor end of the motor- 
generator set, is taken from the main station bns-bars, and stepped- 
dowQ by means of reducing transformers to a safe voltage. 

Examples of this use of motor-generator sets are to be fonnd 
in the immense power stations of the Manhattan Ilailway Co., and 
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the Metropolitan Rail'.vay Co., of New York City, and in many 
other places. 

Another use for inotor-generatora ie aa frequency changers 
(or convertera). In such cases they are used for transforming an 
alternating current of one frequency to another alternating current 
of higher or lower frequency, usually the former. The current 
may be transformed from three-phase to two-()hase (or vice versa) 
at the same time. Thus it might be re<iuired to supply a two- 
phase 60-cycIe lighting system from a 25-cycle three-phase trans- 
mission system, with or without change of voltage. 

A motor-generator set built by the General Electric Company 
is shown in Fig. 319. It consists of a combination of three distinct 
machines, all mechanically coupled to the same shaft, viz.: 

1. A three-phase synchronous motor, of the revolving-field type. 

2. A thi:«e-phase alternator also of the revolvlng-fleld type. 

3. A dlrect~cu Trent generator acting as an exciter for the flelda of 
both the alternator and the syuchn 



SUMMARY OF DATA FOR FIO. 3i9. 

Synchronous Motor Alternator Exciter 

No.ofpoles 8 12 10 

Rated output (K.W.) 275 aso 10 

Speed .^70 570 670 

t-requency ;18 67 — 

Volts — — 60 

This particular mo tor -gen era tor set is designed to be used as 
a frequency-changer to change from 3S to 57 cycles per second. 
The three-phase alternating currents having a frequency of 38 
cycles per second are led into the stationary armature terminals of 
the syncbronons motor (shown next to the pulley in Fig. 319), 
The motor having eight field poles, its synchronous speed is 570 
r.p.m.; and since both the alternator and the exciter are coupled to 
the same shaft, all the machines run at 570 r.p.in. 

The alternator having 13 field poles, the frequency of its 
induced electromotive forces is 57 cycles per second, Ileuce the 
three-phase alternating electromotive forces induced in tlie station- 
ary armature of the alternator Iteve a frequency 50% higher than 
tbealternating currents supplied to the driving sy nchron on b motor. 

Fig. 820 is a view of a motor-genemtor set built by the Gen- 
eral Electric Co. It consists of a con ijKJund -wound direct- current 
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Fig. 319. 

generator driven by an induction motor, both machines being 
mounted on the same bed-plate and having a coiiimoQ shaft. 

Fig. 321 showB two motor-generator sets, each consisting of 
two Brush arc-light dynamos directly coupled to an induction 
motor. In some of the stations of the BrooklyD Edisoo Co., Brush 
arc-light dynamos are driven in pairs by being directly coupled to 
three-phase, 25.eycle synchronous motors. The constancy of the 
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speed of aynchronouB motore makes them especially well suited to 
driving electric generators. 

Fig. 322 bLowb an SOO-horse -power Bullock two-phase syn- 
chronous motor directly oonpled to two direct-ciirrent generators, 
all three machines being mounted on the same bed-plate. 
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INDUCTION MOTOR TESTS. 
■46b Heat Test. The heat btst on induction motors is UBUHlly 
carried out by connecting the terminals of the stator windings to 
mains of the proper voltage and frequency, and taking rated fall- 
load mechanical power from the rotor uutil a constaot temperature 



Fig. 822. 

has been reached. Then the motor is shut down, and the follow- 
ing temperatures taken: 

Armftlure lamlnBtloos. 

ArmaturecouducturB. 

Field conductors. 

Field laniinatluuH. 

Frame. 

Bearings. 

Room. 

If the motor is small, the mechanical power output may be 
absorbed by a brake. For larpe power motors, however, a brake 
becomes troublesome. In any c«8e, the most convenient way to 
measure the power, is to belt to the motor a direct- current sepa- 
rately -excited generator, whose losses can Xm easily determined, and 
measure the output of this generator. The output of the motor is 
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Hqunl lo ttie output of the geoerator plua the loases in the gener- 
ator. The losses in the generator are: the PR lose in the arma- 
ture, brush and bearing friction, and windage loss, and the core 
loss due to hysteresis and eddy currents. 

The field being separately excited, the field loss need not be 
considered. The field current must, however, be kept constant. 

During the heat run, the following obBervations are regularly 
FBCordtsd: 



MOTOR. 


GENERATOR. 


Volte. 


Ampetea. 


Speed. 


VoltB. 


Amperes 
Armature. 


Amperes 
Field. 


Speed. 



Now the PH loss in the generator armature can be calculated 
from the current flowing, and the resistance of the armature. 

To determine the stray power losses (equal to all the losses 
except I'B) proceed as follows: 

Disconnect the motor from the alternating-current mains, and run 
the combination of motor and generator from the direct-current end, at 
the Eaiue speed as that recorded during the run, the direct-current machine 
being now used as a motor. Its Held is excited to the same value that It 
had during the run. The speed is at^Justed to the right value b; varying 
the voltage supplied to the direct-current machine used as a motor. 
When the speed Is correct, record the ampetea and volts taken by the 
direct-current machine. Next the belt Is thrown off, and the voltage 
supplied to the armature temninale of the direct-current motor is adjusted 
until proper speed Is attained, the field current remaining as before, and 
the Input of power is again recorded. 

Let W, = the watts input to the direct-cnrrent motor with 
the belt off; 
W, = watts at same speed to driv© both machines with 

belt on; 
C ■■= core loss of direct-eurrent machine; 
F ^ friction of direct-current machine without belt; 
F, — friction of induction motor without belt; 
^ =^ increase of bearing friction of direct -current machine 

due to belt tension; 
_/", = increase of friction of bearings of induction motor 
due to belt tension. 
Then W, - (! + F (1) 
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and W, = C + F+ F, +/, +/ (2) 

Subtracting (1) from {2} wo get 

W.-W, = F, +/, +/ 
or W.^W.^F, =/ + /, 

Now, since the two machines are of abont the same size, we 
may assume that the increase in friction of each, due to belt ten- 
sion, is the same, bo that : 

-ff, - "W, - F, 
f=f'= 2 

But F„ the friction of the inductioa motor, can be determined 
aB deacribed under core-loss test. Hence we have the following 
expression for the stray-power loss of the generator : 

W - W, - F 
Stray-power loss = Wj -|- - — ' ■ ■ — -^ — - 

Total output of motor =: Stray power loss of generator + EI 
+ I"E. 

This expression gives an exact method of determining the out- 
put of any kind of motor, by using a direct-current generator as a 
load. If F, is unknown, we may neglect the increase of bearing 
friction due to belt tension, giving results sufficiently accurate for 
a heat run. 

147. Breakdown Test. The breakdown test, as in the case 
of a synchronous motor, is to determine the maximum output of 
the motor, that is, the load which will cause the motor to ^'break 
down" and stop. To make this teat the load on the motor is in- 
creased, until the motor breaks down, the maximum output being 
noted. It is essential that the alternating currents be supplied to 
the motor at nonnal voltage. As the torque, and therefore the 
maximum outjiut, varies as the square of the voltage, the results 
obtained by this test will not be accurate unless the voltages ap- 
plied to the stator windings are kept constantly at normal value. 
If for any reason it is impossible to load the motor to the break- 
down point, the voltage may be reduced, and the maximum load 
at normal voltage may be calculated from the value obtained at 
the reduced voltage by multiplying the observed maximum load 
/normal voltage V 
^ Vreduced voltage/ 
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If, for example, an induction motor rated at 50 H.P. gives a 
maximum output of 25 H.F. at one-half its rated voltage, ita max- 
imum output at normal voltage would be approximately 100 H.P. 

The most convenient way to load the motor io the above teBt 
is to belt it to a direct-current generator as previously explained. 
To determine the output of the induction motor, from observations 
on the direct-current generator, proceed in the same manner as 
described under heat run. 

In commercial work it is not customary to run this test to the 
breakdown point. The usual method is to find out if the motor 
will stand 50% overload without breaking down. When, how- 
ever, it is desired to obtain a full set of data on a machine, the test 
is carried to the breakdown point. 

i4S. Starting Torque Test. The stationary or starting 
torque developed by a motor determines the amount of load under 
which it will start. 
To perform this 
test a brake is 
clamped to the 
pulley as shown in 
Fig. 323. A is 
the center of the 
pulley; B is the 
point of suspen- 
sion of the brake 
arm from the 
spring dynamom- 
eter S; C is a ref- 
erence pointer, 
carried on a standard, on a horizontal line through the center of the 
pulley. The spring S will measure the tangential force exerted by 
the motor at a radius AB when B has moved down to the point 0, 
and the spring dynamometer S is suspended vertically. 

The reading ot S will be affected by the friction in the motor 
bearings. The following procedure will eliminate this error: 
Fasten to the brake arm a weight W, sufficient to overcome the fric- 
tion of the bearings, so that the arm if left unsupported, will always 
be carried downward by its weight. By slowly raising and lowering 




Fig. 828. 
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the brake arm by means of the cord which Bnpporte the spring 
dynamometer S (no current passing through the motor), we get 
two different readings of S when B jwsses the point C. While 
the arm is being raised the friction in the bearings acts in the 
aame direction as the weight W. Second, as B passes C, while 
the arm is being lowered, the friction of the bearing acts against 
the direction of the pull due to W, 

Let "W = pull exerted by the weight of the brake arm and 
weight; 

F ^= friftion of the bearings; 

a ^ scale reading when arm is Iwing raised; 

b ^ scale reading when arm is being lowered; 
Then "W + F = a 
and W - F = S 

or W = — ^- 

Let T be the force exerted by allowing the current to act on 
the motor, this force being in the same direction as W. Then 
with current flowing in the motor let: 

c = scale reading while arm is being raised. 

(/ := scale reading while arm is being lowered. 
Then T + W + F = c 
and T + W - F = (7 

or T + W = t^ 

But from above we have AV — — ^^— , 
substituting this value of W we have 



By this method both the weight of the brake arm and the fric- 
tion of rest in the bearings are eliminated. 

To carry out this test, this set of observations is repeated for 
as many values of the current in the motor, as desired. The cur- 
rent should range at least from one-half to twice the normal full- 
load current. To obtain the desired current, the voltage across 
the motor terminals must be adjusted. 
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PART VI. 



149. Core Loss Test. The core loss of an induction motor 
cannot be measured by the method ased in the case of a synchron- 
ous motor or alternating-ctirreut generator, namely, by driving it 
by a direct -current motor and observing the motor input for vari- 
ous voltages generated, since an induction machine will not gen- 
erate electromotive force unless it is connected to the mains. If 
it is connected to the mains, the mains may supply power to it, 
and hence the power supplied by the direct-current motor is not 
the total power delivered to the machine. 

The core loss is m(«sured in the same manner as in the case 
of a transformer, namely, by connecting it to the alternating-cnr- 
rent mains at normal voltage and frequency, and measuring the 
watts input at no-load. There is this difference, however, between 
the case of the transformer and that of an induction motor, that, 
whereas in the former the power is practically all used up as core 
loss, in the latter, part of the power goes to supply the friction and 
windage losses of the motor, and the appreciable PK loss in the 
Btator windings. 

When an induction motor is run at no-load, the speed remains 
practically constant as the voltage is reduced, until the motor 
breaks down. The power input to the motor (at no-load) at any 
voltage consists of the core loss at that voltage plus the friction 
and wind^e loss pins the PR loss. Bnt the friction and windage 
loss is nearly constant at constant speed, therefore the watts input 
to the motor at various voltages consist in part of the constant 
friction and windage loss, and in part of the variable core loss. 
Such a series of observations on a one-Il.P. 550- volt S-phase motor 
is shown plotted in Fig, 324. The voltage can be reduced to the 
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point at which the motor breake down; beyond thia we cannot go. 
As tbe ordinaUta on this curve are equal to the Bum of a constant 
and a variable part, and since at zero voltage the variable part be- 
comes zero, it follows that if we prolong the curve as shown in the 
dotted portion until it crosses the axis of watts (that is for zero 
volts), the value interceptfd on the axis of watts may be considered, 
without much error, to be the constant part of the watts, namely, 
the friction and windage loss. Thus iu Fig. 324, 20 watts repre- 
sents the power lost due to friction and windage in the case of the 
induction motor above mentioned. Tlie sum of the core loss, fric- 
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tion losses, and I'll loss at normal voltage (viz., 650 volte) is 
found from the curve to be 109 watts. For each observed value 
of the volts and the watts, the current input per phase to the stator 
windings must be recorded. Then, the resistanceof thestatorwind- 
ings having been measured, the PR loss corresponding to any given 
voltage can be calculated. To obtain the core loss corresponding 
to any voltage, we must therefore subtract the constant friction 
losses plus the PR loss in the stator windings from the total ob- 
served input to the motor (when running unloaded). 

In the case of the one horse-power induction motor under con- 
sideration, the current input per ])haee was measured and found to 
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be 0.655 amperes, when the voltage between supply mains waa 550 
Tolte. The resistance per phase was also measured and found to 
be 15.5 ohms. The total PR loea was therefore, 3 X 0.665' X 
15.5 = 20 watts. 

The core loss at normal voltage is therefore equal to 
100 - 26 - 20 = 63 watts. 

150. Impedance Test. This test is carried out in the same 
manner as the core-loss test. The motor is connected to the alter- 
nating. current supply mains and the amperes flowing, the watts 
input, and the volts at the terminals of the motor are measured, 
the watts, of course, being measured by watt-meters. In this test, 
however, the motor is not allowed to run free, but its armature is 
blocked to prevent it from turning. Instead of supplying normal 
voltage to the motor, the voltage is raised carefully until the amme- 
ters show about one-third to one-half of the full-load current. The 
motor must be supplied with current at normal frequency. The fol- 
lowing observations should 
he recorded : 

Amperes In eacli line. 
Volts for each phase. 
ToUl watts. 

The observations are 

repeated with increasing 

value of the voltages, until 

thecurrenthas reached more 

than twice the full-load 

value. Fig. 325 shows 

curves of observations taken 

in this way for the one-II.P. 

650-volt, three-phase motor 

referred to above. This 

motor takes ono ampere of 

, .^r n 1 1 ti'o/tm bttWMn Ttrminats 

current perpliase at mll-loBU. 

Ihe two curves are plotted 

with current and volts, and with watts and volts as ordinates and 

abscissas, respectively. The former curve is the straight line. 

Since for full-load current with the armature standing still, 
the voltage applied to the terminals of the motor is very low, the 




,v Google 



3W ALTERNATING CURRENT MACHINERY 

miint)t;r of watts supplied to overcome core lose ie very Io^p. 
Practically, all the watts supplied are used up in heatiug the con- 
ductors of the stator and rotor. The watts input, therefore, for 
normal rated full-load current with rotor blocked, may be takeu as 
a measure of the total I'R loesi's (primary and secondary) of the 
entire machine at full-load. For the motor for which the curves 
are shown, the PR losses at full-load current are equal to 100 watts. 
■51. Calculation of Efficiency. As in the case of the ma- 
chines previously considered, the efficiency of an inductiou motor, 
at a given load ie equal to the output, divided by the output plus 
the losses, at that load. All the losses can be determined from the 
core-loss test and the impedance test; the core loss and friction 
and windajfe losses beiug determined from the former, and the 
copper losses from the tatter. For the three-phase, one-H.P. mo- 
tor above mentioned, the losses at full load are as follows : 

Friction and Wmdage, 211 watts 

CoteUme, 63 watts 

Copper loss (I'R), 100 watls 

Total losses, — 1U» watte. 

Therefore the efficiency at one horsepower output is, 

740 



74(S 



-:^-yg,,^79.8^.. 



The efficiency of large machines is generally calculated in thia 
way. For smaller machines it is more usual to determine the 
efficiency by actually measuring input and output. The reason for 
this is that the actual losses occurring in the motor when it is 
loaded, are different from the values as calculated from resnlts of 
tests at no-load. Tlie differences between these calculated and 
actual losH'S are comparatively large in a small machine. 

To test the efficiency by measuring the total input and ont- 
pnt, the most convenient method is to l>elt the motor to a direct- 
current generator, measuring the output of the generator, and the 
input to the motor. The output of the motor is, of course, equal to 
tbeoutputof thegenerator plus the generator losses. The losses of 
the generator may he calculated as described under the heat test. 

The output and input of the motor are measured for various 
loads successively from a very small load to (wrhaps 50% overload, 
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80 that a curve may be coDBtrncted showing the relations between 
efficiency and load. The Iobbcb of the generator must be deter- 
mined at each speed occurring in the Beriesof observations, because 
the generator losses vary with the speed. 

■Sa. 3lip Test. The slip at a given load on the motor is the 



where ti le the aynchronons speed of the motor, and n' is the speed 
nnder the given load. Slip is osnally expressed in per cent, in 
which case 

per cent slip = X 100 

The synchronous speed in revolutions per second is equal to 

2/" 

-:— , where^is the frequency of the alternating cnrrents supplied 

to the at&tor, and j> is the number of " poles " of stator magnetism, 
NS NS in FigB. 293, 294, and 295. The slip is independent of 
the number of phases. 

The speed of the motor at zero-load is very nearly equal to the 
synchronous speed, and where^and j> are not knofen, the zero-load 
speed may be used for n without great error. 

The determination of the slip of an induction motor at full- 
load with full rated voltage applied to the stator windings, is an 
important teat. This slip may be determined by observing, by 
means of a speed counter or tachometer, the speed n of the motor 
nnder full load and with full rated voltage. If p and/'are known, 
the slip may be calculated as explained above. 

Various methods have been proposed for measuring the slip 
of an induction motor directly. A simple piece of apparatus for 
determining the slip directly, consists of a black disc with^ white 
radial lines painted upon it, where^ is the number of poles of the 
motor. This disc is attached to the motor pulley. If, when the 
motor ia running, the disc ia illnininated by an alternating-current 
arc lamp supplied with current from the same mains as the motor, 
the white lines on the disc would appear stationary if the motor 
were rnnning in synchronism. If the motor were below syn- 
cbroQism, the disc would appear to rotate with a epeed equal to 
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the difference between the Bynehronoua and actual speed. Thus tb» 
slip can be measured directly by counting the apparent revolutions 
per minute of the disc. 

For example, the eyncbronouB speed of the one-H.P. motor 
considered above, is 1,200 r.p.m. In applying the above test the 
disc made 70 apparent revolutions per niiuute when the motor was 
running at full load and therefore the slip at full-load was 

j^:oT-o.ss%. 

153. Performance Curves of an Induction Motor. Fig. 326 
shows the performance curves of a 175-H.P. three-phase, twelve- 
pole iudnction motor having a syochronoua speed of 600 r.p.m., 




so 40 60 C 

* /=btvar Output 

Fig. 326. 

when supplied with three-phase currents at 550 volts and 60 cycles 
per second. The absclBsas of all the curves are horse-power out- 
put. The drooping of all the cnrves in the region between 340 
, and 360 horse-power shows that the maximum power which the 
machine can develop is about 350 horse-power. There are three 
scales of ordinatee, namely, "amperes input," "per cent," and 
" pounds torque ". The ordinates of the curve marked " synchro- 
nism " are measured un the per cent scale, and they represent the 
Bj>eeds in per cent of the synchronous speed at the various loads. 
The onliimU'B of the curve marked "amperes input" give 
the ampeii'S input per phase at the various loads. 
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The ordinatee of the curve marked "torque" are ineaeured 
OD the pouDds torque scale, and they repreeent the torque devel- 
oped by the motor at various loada, these torques being expressed 
in pounds of force acting at one foot radius, that is, in pound-feet. 

The ordinates of the curves marked "efficiency", "apparent 
efficiency ", and "power factor", are measured on the per cent 
scale, and they represent these quantities at the various loads. 

The efficiency is, of course, the ratio, . ■ The power factor is 

the factor by which the product of volts times amperes must be 
multiplied to give the true input of power per phase. 

The product volts times amperes isc&Med the apjxireni power 
delivered by an alternating current generator, and the apparent 
efficiency oi &a induction motor is the ratio: tfM(!^i divided by 
the apparent power delivered. The apparent efficiency is thus 
equal to the true efficiency multiplied by the power factor. 

The relation between the three factors, efficiency, power factor, 
and apparent efficiency, will be made clear by the following equa- 
tions, each based on definition. 



Efflelmcy = ^•'^- 



u»erul output 

actual luput 

Power factor = J«*^1"«'-"'P-"L 
apparent luput 

. u, , ueeful output 

Apparent elllcleney = ■-; - — - 

•^"^ "^ appareut iuput 

From the above three equations, it is evident that 

Appareut efficiency = Efflcieucy x Power factor. 

"When the output of a motor under a given load is measured 
mechanically by observing the useful turqne developed at the anna- 
ture shaft, and the speed of the armature, we Imvd 

„ , , 2ffn'T, 

Lseful output ^^ .... horse-power 

^ 0.142 n- T watts 

where «' is the speed of the armature in revohitious per 

minute; 
T is the nuefiil torque in pound-feet, developed by 
the armature. 
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Tile ac'timl in[Hit to h tlirve-phaee alteniating-current motor 
of the induction ty[)e iB 

I' 3 ■ E ■ I • P watts 
where K is the electroiiiotiTe forc« (effective ralae) applied 

iH'twettn any two of the stator terminals; 
I is tlie current (effective value) in any one of the 

leads supplying the stator windings; 
P is the power factor of the motor. 
The apparent inpnt to a three-phase induction motor is 

l'3 ■ E ■ I watts. 
From the al)ove equations we may easily write tlie expressions for 
the ertiuiency, power factor, and ap|)areiit efficiency, as follows: 

0.142 n'T 
Kniolency^-p-^-.-^-YTT. 

y S"- K- r- P 

Power factor = P = 

y SKI 

0.142 n' T 

Apparent efliclenL-y = — -- ,,~, " 

Kj'Iiiij>}i: a certain 12-]K)le induction motor whose jjerforin- 
aiice curves are given in Fig. 320, is rated as follows: 

Nnmher of phases, 3; 

Output at full load, 175 horse-power; 

Voltage supplied (between mains) 550 volts; 

SjK'ed, at full load, 585 r.p.m.; 

Frequency, cycles per second, (iO 
A brake tewt on the motor when running at full load gave the 
following (latii (see curves in Fig. 326), 

I'seful torque on rotor sliiift, pound-feet. 1,500 

W|H-ed, in revolutions j)er minute, 5S5 

Amperes input jjer phase 170 

Power factor, in per cent 88 

It is requiri.'d to calculate the following quantities in order to 
check the accuracy of the curves plotted in Fig. 32(), 

(") The synchronous B|fee(l in r.p.m. 

(/■) The slip at full liMwl in pr cent. 
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(<■) The nseful output in watts and in horae-power. 

(rf) The actual inpat in watts. 

(e) The efficiency. 

(/) The apparent input in watts. 

{ff) The apparent efficiency. 
Solution: — - 

^a) The Bynchronoaa speed, according to the equation on paj 
313, la 

— r7= — , , — =^ 10 revolutions per Becond, 
p 12 ' 

or, 10 X 00 = 600 r.p.m. 

(i) The slip according to article 152 is 

{-/) 100 = ( """.^o"^" ) 100 = 2.5 per cent. 

(') The useful output from the above <>qnationa ia 

0.142 »' T watta. 

Substituting the given values of u' and T, 

we have 0.142 X 585 X 1560 = 129,000 watta, 

,. ^ . 129.600 ._- , 

which gives — sj^tt — = lid horsepower. 

(c7) The actual input in watts is 

l-^a^E- I- P 
whence substituting the given values of E, I, and P 
gives 1.732 X 550 X 170 X 0.88 = 142,500 watts. 

(c) The efficiency (real) Is 

Useful output 129.600 „^ „ 
.--— j-.— '-- — = ,.j .,,(, = nO.O per cent. 
Actual input 142,*)00 ' 

(J") Tlie apparent input in watta in 

1/3^ E ■ I 

or 1.732 X 550 X 170 = H!2.(KKI watts. 

((/) Tlie apparent efficiency is 

Useful ontpnt 129,600 ,,, 

-; ~ — - ^ ,-,.-,,-/;,,,, = 80 tier cent. 

Apparent input ll>2,000 ' 
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A comparison of the above results with the corresponding 
values obtained from the curves in Fig. 326, shows on the wliole 
a very satisfactory agreement. 

The power factors of standard commercial inductiou motors 
of American manufacture vary at full load from 0.75 to 0.92, 
depending upon the size and frequency of the motor. The effici- 
encies range from O.SO to 0.i)2. The apparent effifiencies in motors 
above 5 H.P, output will be found, as a rule, not less than 0.75. 
Tliis means that the transformers supplying current to induction 
motors of average sizes, must have an aggregate capacity of about 
one kilowatt for every horse. power output of the motors. 

The following table gives approximate capacities of standard 
transformers that should be used with two-phase and three-phase 
induction motors: 

TABLE VIII. 



Thrbi-Phabk, 









.T....^K-.^. 


1 


.6 K.W. 


■z 




8 


2.0 " 


6 


3,0 " 


■ -IX 


4.0 " 






15 


7.5 " 


20 


10.0 " 


30 


15.0 " 


50 


25,0 " 


75 




100 





THA.SKrOKHEKN. 



SWITCHBOARD AND STATION APPLIANCES. 

154. Th« Switchboard is a supporting frame upon which 
are mounted most of the measuring instruments, safety and con- 
trolling devices used in a generating or receiving station. 

Lightning arresters are usually mounted on the wall of the 
station building at the points where the lines enter the building. 

I-arge apparatus sucli as rheostats, oil-switches, circuit- 
breakers, and voltage regulaturfi are frequently installed at a dis- 
tance from the switchlwanl, and are controlled from the switch- 
board by systems of levers, by coinpresHe<l air, or by electrical 
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T^^^&yB which are in turn controlled by contact switches on the 
switchboard, Thns Fig. 327 shows a large rheostat mounted 
noderneath the floor upon which the switchboard stands. The 
rheostat is operated by means of sprocket-wheels and chain which 
are moved by a hand-wheel on the switchboard. 

Alternating- current switchboards differ from direct-current 
switchboards as follows: 

(a) On account of the many special devices Buch as voltage regula- 
tors, ewltcliboard transformers, power-factor Indicators, and synchronlz- 
ing devices, wblcb are uaed lu alternating-current work, and are not uiied 
in direct-current work. 

(6) Because of complications associated with the use of an aii.xillary 
direct-current generator for exciting the field magnets of alternators. 

(c) Becauseof the frequent use of excessively high voltages, as high 
as 40,000 volts or more, la alternating-current systems. 

Switchboards are now usually built up of standard panels 
uniform in size, the style varying with the 
service required. Large switchboards for 
handling many generators or many feeder 
circuits, are built np by placing a number 
of these standard panels side by aide. This 
method of buildinglargeswitchboardahas 
the following advantages; 

1. It reduces the necessity of special 
work to a niininium, and permits the use 
of standard apparatus, thus reducing cost. 

2. Itprovidesforinterchangeability C 
of panels, thus making rearrangement of ^ 
feeder, generator, and exciter pauele easy 
and convenient.- 

3. The use of standard panels uni- 
formly equipped with standard apparatus 
makes it easy and cheap to renew damaged 



er:a 




iMK. :«7. 



4. It enables extensions to be made easily and systematically. 

In some large stations as many as ten or more generator panels^ 
and fifteen or more feeder panels are erected side by side. 

The panels of a switchboard are usually erected and wired 
completely at the factory, and all the iustruments are attached. 



,v Google 



366 ALTERNATING CURKENT MACHINERY 

After thorough inB[>ectioD and testing, thtjy are shipped to their 
destination, the instruments being detached, and shipped separately. 
Swittrhboards are usually constructed ot a skeleton frame of 
angle iron, to which panels of marble or slate are fastened by bolts 
and nuts. The various instniinente are attached to the niarble or 
slate panels. In many cases the apparatus itself is located behind 
the board, the hand -wheel or operating lever, only, being placed on 
the front of the board. 



Ffg. 828. 

Slate, when entirely free from metallic veins, is a fair insu- 
lator, but tile fivqueiit o<'ciirrenfe of such veins, and the tendency 
of slate to absorb moisture from the air, render it unreliable, espe- 
cially for switchboards on which higli-voltage apparatus is to bo 
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installed. Marble is the standard material for switchboard panels, 
and it alone is used for high-voltage panels. 

>55- Typical Single-Phase Switchboard. Fig. 338 shows 
front and back views of a standard switchboard for one single- 
phase generator and one feeder circuit. The front elevation of 
this board and the complete digram of electrical connections are 
shown in Fig. 839. Fig. 330 shows the front elevation of a switch- 
board for one single-phase generator and two feeder circuits, and 
also thecomplete diagram of electrical connections. These switch- 
boards are manufiactured by the Fort Wayne Electric Works. 



Pilot Loinp 




VoltmBtor 
■A.C.Amm«tBr RoalBlancs" 

-tJtolt«r FlBld RhwBlol 



'G«nsratcr Svvilch 
■Enclosed Fij8«« 



H 



J^mn 



u 



hs~ 



Fig. 329. 

The ammeter and voltmeter used on these boards, indeed 
nearly all switchboard ammeters and voltmeters, are of the 
" plunger type," that is, they consist of a coil of wire actuating a 
movable piece of soft iron to which the pointer is attached. 

The pilot lamps are for illuminating the board and for indi- 
cating that the generator is in operation. 

The essential features of the electrostatic ground detector are 
deacril>ed in article 31. 
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The double-pole quick-break generator switch with marble 
barrier is shown in Fig. 331. It is used for opening and closing 




FiB. S:iO. 

t)ie main circuit of tlie generator as may Ix; seen in the diagram ot 

connections shown in Fig S'Z*.i. AVhen this switch is opened, tiie 

arc which is produced is prevented by the marble l>arrier frnm 

Hashing across from blade to blade of the switch, 

and thus short-circuiting the generator. 

The expulsion fuses are ordinary flat fuse links 
(commonly made of alumimtm) surrounded by fire- 
proof insulating tubes of jyorcelain. Tlie We.sting- 
house Company sometimes mount their fuses in a 
lignum vitfe fuse block enclosed in an air-tight 
clianil)er. When the fuse melts and breaks, the 
arc is extinguished by the explosive action whieli 
p. jjgj accompanies the sudden heating of the airencloaed 

in the fuse chambers. The potential transformer* 
Las its secondary connected through a high resistance to the volt- 
meter. If the ratio of transformation of the potential transformer 

*Tlie use of the jiotentisl traoHrurmer in conneelioii with switch- 
boards is explained elsewhere. 
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is 20 to 1, and the voltmet«r reads 110 volta, the voltage betweeu 
the generator terminals is 20 X 110 = 2,200 volts. 

156. Typical Switchboard for Operating: Two or note 
Single-Phase Alternators In Parallel. Fig. 332 ahowB froDt and 




Bide elevatioDB of one of the General Electric Company's standard 
panels for one of several single-pbase generators to be operated in- 
parallel, and a complete diagram of electrical connections. The 
equipment of this panel is as follows: 

1 double-pole geaerator switch, mounted on the back or the buard, 
and operated by a lever on the ftont of the board. 

2 exputalun fuse blocks complete. 
1 generator ammeter. 

1 Held ammeter. 

1 voltmeter and one potential transformer. 

1 field switch. 

1 sychronlzlng device, complete. 

Tripod and front plate for "generator rheostat" (in the fleld circuit 
of the generator) with shaft and hand-wheel. 

Tripod and front plate for " exctter rheostat " (in the lield circuit of 
the exciter.) 

All necessaiy framework and coauectlons. 

The location of apparatus for this panel, as designated b^ 
letter, is as follows: 

E = rheostat In the fleld circuit of the generator, "generator rbeostat." 

a = ammeter In the fleld circuit of the generator "Held ammeter." 
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V= vullmeter between the generator termtnals (through potential 

transformer). 
A = ammeter for the main alternating current. 
L = ej-nchronizing Jomp. 
B = "generator switch" la the main circuit. 
r = rheostat In the exciter Held circuit, "exciter rbeostM." 

This apparatus is esseatially the same as the apparatus already 
described ia article 155 vith tlie exceptioD of the groand detector, 
the tield switch with discharge reaistaDce, and the ajDchronizing 
device. One ground detector is sufficient for a Dumber of machioea 
operated in parallel, and it is usually mounted on a bracket attached 
to one of the generator panels. The field switch is arranged to 
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short.circuit the field winding of the alternator at (or just before) 
the instant of disconnecting tlie exciter from the field windings. 
This allows the current in the field winding to die away slowly. 
The opening of a field ewiteh which is not provided with a resist- 
ance produces an excesBively high electromotive force between the 
field terininalB, which is likely to cause puncture of the insulation 
of the field windings. 

The synchronizing device consists of the synchronizing bus- 
bare connecting the various generator panels, the synchronizing 
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lamps, a small transformer (the samu one being used for the Yolt- 
metar) for stepping down the voltage to a snitable value for the 
synchronizing lamps, and cOQoection plugs for connecting the sec- 
ondary of the potential transformer throngh the synchronizing 
lamps to the synchronizing basses. Two types of connecting plugs 
are nsed, one of which reverses the connections made by the other. 
The complete eoDnectioas of the synchronizing device for two 
single-phase machines is shown in Fig. 333. 

In case of polyphase machines, one phase only is connected to the 
synchronizing device, and the synchronizing device is therefore the 
same for single-phase and for polyphase alternators. The operation 
of alternators in parallel is very common in modern central stations. 

The voltmetera and synchronizing device are always connected 
- back of the main generater switeh, that is, between the generator 
and the switch, for the reason that the voltage of the machine 
must be synchronized before the main switch is closed. 

The connections of the two types of synchronizer plugs are 
shown in Fig. 333. Keither plug is used when one alternator 
only is operated. When another machine is to be put into opera- 
tion, either type of plag is used to connect the synchronizer busses 
to any one of the machines already running, and the other type of 
plug is used for connecting the machine which is being synchron- 
ized, to the synchronizing busses. Thus the synchronizer busses 
are oppositely connected to the two machines, and the synchroniz- 
ing lamps are bright when the conditions are proper for closing 
the main switch. This is the common practice of the General 
Electric Company. 

When alternators having composite field* windings are oper- 
ated in parallel, a slight increase of current ontput from one 
machine would, in passing through the rectifying commutator and 
the series field winding, cause the current outpnt to still farther 
increase. That is, composite alternators will not operate stably in 
parallel unless provision is made to cause the current in the series 
^eld windings of all the machines to increase and decrease simul- 
taneously. This is accomplished by feeding all the series field 
windings in parallel between busbara to which all the rectifying 
commutators supply uni-directional current. These bus-bars, 

•See article 43. 
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called tlie equalizer busses, must, of courBe, be connected to all of 
the geuerator switch-board panels. 

When more than two generators are operated in parallel, and 
one direct-current generator is used as an exciter for eupplyiug 
current to the field windings of all the alternators, a separate switch- 
board panel called the exciter panel, is usually installed. Upon 
this panel the exciter field rheostat and controlling devices are 
mounted. In this case exciter bus-bars are led from the exciter 
panel to all the main generator panels. 

157. Conditions Necessary for Parallel Operation of Alter- 
nators. In the parallel or multiple operation of alternators, there 
are three elements which need special consideration— frequency, 
phase, and voltage. It is necessary that the generators be similar 
in these reBi>ect8. to insure their working together properly when 
connected in parallel,* 

(ti) Fret^uency. Two generators are of the same frequency 
when the numbers of alternations or reversals of their eltjctromo- 
tive forces in a given time are equal. This reqnirennjnt is fulfilled 
when the product of the number of poles by the revolutions per 
minute is the same for each machine. 

The frequency of a generator, being dependent upon ita speed, 
may be controlled by the regulation of the speed of its prime mover. 

(i) Phase. Two generators are in phase when the positions 
of their annatures with res[)ect to their field poles are the same. 
i.e., when similar armature coils are opposite positive field poles 
at the same instants. When this condition exists the electromo- 
tive forces of the machines are both positive at the same time, and 
their maximum values occur at the same instant; the electromotive 
forces are said to be coincident in phase, 

(') Voltage. Two generators are of the same voltage when 
the pret^sure measured across the armature terminals is the same 
for each machine. 

The voltage for a given speed being dependent upon the field 
strengthmay be con trolled by means of the rheostat in the fieldcircuit. 

158. Determination of Relative Frequency and Phase Coin- 
cidence. If two similar generators are running at exactly the same 

"Furthermore, two alternators, to operate satisfactorily jn parallel, 
inutit liave electromotive force waves of the same stispe. 
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speed their difTerence in phase retuains eonBtant. Tliis condition, 
liowever, does not exist in practice unless the armatnrea are rigidly 
connected, as the inevitable fluctuation in engine and water- ^^heel 
speeds and in belt slippage causes the position of the armatures 
with reference to their field poles to be continually changing, and 
consequently the difference between the phases to be likewise 
changing. As generators should not be thrown in parallel excepting 
when their frequencies are practically the same, and at the time their 
phases are in exact coincidence, or nearly so, it is essential to have 
lui accurate means of determining wiien these conditions exist. 



=s^9}— 




Fii;- *14. 
The principle of the most common method of determining 
when generators are of the same fpequency and are coincident in 
phase, is ilhistrated in Fig. 33-t. A and B represent two single- 
phase generators, the leads of which are connected at the switch C, 
throngh two series of incandescent lamps D and E. It is evident 
that as the relative positions of the phases of the electromotive 
forces change from that of exact coincidence to that of exact oppo. 
sition, the flow of current through the lamps varies from a mini- 
mum when the machines oppose each other in forcing current 
through the lamps as shown by the arrows in Fig. 334, to a maxi- 
mum when the machines help each other in forcing current through 
the lamps,* If the electromotive forces of the two machines are 
exactly equal and in phase, the current through the lamps will be 

* When the two machines oppose each otber In forcing current 
through the lamps they would help each other, or be in phase with each 
other, in produclug current In the receiving circuit towbich the machines 
are to be connected )n parallel. 
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zero, and as the difTereiice in phase increaeeB, the lamps will Hgbt 
up and will increase in brilliancy until the inaximum is reaehtMl; 
when the phases are in exact opposition. From this condition they 
will decrease in brilliancy until completely dark, indicating that 
the machines are again in phase. The rate of pulsations of tbe 
lamps depends upon the ditTerence in frequency, /. «., upon tbe 
difference in tbe speeds of the machines, and by adjustment of the 
governors of the engine or water-wheel, or the tension of the belt, 
the rate can generally be reduced to as low as one pulsation in ten 
seconds, which affords ample time for throwing the switch connect- 
ing the generators in parallel. 

The Synchronizer. When the phases of two generators coin- 
cide, the machines are said 
^ to be "in phase", "instep", 

or " in eynebronism". The 
apparatus used for deter- 
mining when generators are 
in phase is called a "syn- 
chronisser". In Fig. 334 the 
lamps constitute the syn- 
chronizer. While a series of 
lamps, alone, may be used 
for synchronizing machines 
of very low voltage, it ie not 
safe or practical to use this 
method for machines of high 
voltage. The most common 
arrangement for synchroni- 
zing alternators, in general, 
is illustrated in the diagram, 
*■"■ Fig. 335. A and B repre- 

sent the two single-phase 
tches in the main leads. There are two trans- 
ies of which are connected across the main leads 
vely, the secondaries being connected in series 



fP^ 









Fig. 



generators with sw 

formers, tbe primar 

of A and B respecti 

through tbe lamps E. Now, if the transformers are connected 

similarly in the two circuits, as shown in the diagram, then when 

the generators A and B are in phase tbe electromotive forces in 
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the BecoDdaries will be in phase and no current will flow through 
the lamps, and when the generators are out ot phase, the electro- 
motive forces in the secondary circuits will be out of phase also, 
and current will flow through the lamps. The amount of this 
current and the resultant brilliancy of the lamps depends on the 
difference in phase. If the connections of either the primary or 
secondary of either transformer be now reversed from those shown 
in Fig. 335, the indications of the lamps will be reversed; that is, 
when the generators are in phase the lamps will burn at maxi- 
mum brilliancy, and vleeverna. It is the common practice of the 
M'eisthi<jhout(e Ci'ininiiiy to arrange the transformer connections 
80 that the laiiij>8 cliall he dark when the <jenerator8 are hiphase. 

In order to determine whether the synchronizer lamps will be 
bright or dark for a given connection of transformers when the 
generators are coincident in phase, remove the main fuses or raise 
collector brushes from one machine, and throw in the main switches 
with the other generator at full voltage. Since both primaries are 
now connected through the switches to one machine, the lamps will 
be in the same condition as when the main or paralleling switches 
are open and both generators are coincident in phase. If the lamps 
burn brightly and it is desired that they be dark for an indication 
of phase coincidence, the connections of one of the primaries or of 
one of the secondaries of the transformers should be reversed. 

The lamps which are used with the synchronizer should be 
adapted for the highest voltage which they will receive. Thus, if 
they are placed upon the secondaries of twolOO-volt transformers, 
there should be two 100-Iamps or four 50- volt lamps in series. If 
two 200-volt machines have the lam{)s applied directly without 
transformers it will be necessary to use four 100-volt lamps, or 
their equivalent. 

Rate of Pnlmtion and Size of I'nllcij. The difference in 
speed between two machines may be determined by the rate of 
pulsation of the synchronizing lamps. It is sometimes convenient 
to know this difference in speed, especially when two generators 
are belt-driven from the same shaft. If the speeds are not equal, 
it may be necessary to turn off oneof the pulleys in order to make 
them equal. One pulsation of the lamps, i.e., the interval between 
two consecutive occurrences of maximum brilliancy, indicates a 
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gain of one cycle or two alternatione of one machine over the other. 
Thus, if there ia one puleation of brightness per nuRiite, and tht- 
number of alternationa le 7,^(M) per ininnte, then one machine 
gives 7,202 alternatione, while the other gives 7,200. If the 
number of pulsations of brightness is 36 per minute, then one 
machine gives 7,272 alternations, while the other gives 7,200 alter, 
nations, and the first machine is therefore running 1 per cent, 
faster than the second machine. In order to determine which 
machine is running the faster, the load may be thrown upon one 
machine, or its l>elt may be slackened so as to decrease its speed. 
If this be done to the machine which attempts to run too fast, the 
pulsations will become less rapid; while if it be done to the ma- 
chine which is running slower, the pulsations will become more 
rapid. If one machine is running 1 per cent faster than theother. 
it will 1h> necessary to reduce the diameter of the pulley of the 
other (slower) machine by 1 per cent. 

The thickness of the belt, the tightness of the belt, the slip- 
page (dependent upon the kind of belt, the condition of the sur- 
faces of the pulley and belt, and the load) are all factors which 
affect the speed and must all be kept in mind. 

159- Directions for Connecting One Alternator in Parallel 
with Another Alternator. 

1. Fi'pqxifm'y. The sjieed of the new machine which is to 
be connected in parallel must be made such as to give the same 
fre(juency as the one already running. If the latter is carrying a 
load, it may bo necessary to reduce the speed of the nnloaded ma- 
chine below that at which it tends to run with no load, by adjusting 
the engine valve, or the water wheel gate or nozzle, or the belt slip- 
page, ill order to secure the proper speed. 

The adjustment of the engine should preferably not be by 
throttling, as the governor is liable to "hunt" when the throttle is 
opened. It is desirable to be able to adjust the governor for chang- 
ing the Bj>eed while the engine is running. 

2. ViiHiiije. Tlie field excitation of the new machine should 
be adjusted so that its voltage is the same as that on the bus bars, 
the measurement being made by a voltmeter. 

3. I'liitse C'oiiKriiJi-iii-'-. Synchronizer lamps indicate by 
their slow rate of pulsation thjit the nmehiiiea'are of practically 
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ijqiml froqueiiey. When tlie synchronizer lamps indicate the 
proper phase relation, i.e., phase coincidence (preferably when 
the lamps are dark), all is ready for closing the switch. 

4. Close the main switch. It is better to close the switch a 
little too Boon (when the machines are approaching the proper posi- 
tion) than too late (when they are receding from it). If the switch 
is operated by compressed air or for any other reason does not close 
the instant the handle is operated, due allowance must be made for 
the interval. 

5. If the generators are composite wound, close the equalizer 
switch. 

6. Adjustment may now be made by means of the governor 
or otherwise so that each machine receives its proper share of load. 

7. The field currents of the several generators should be 
properly adjusted to eliminate cross currents between the armatures 
and maintain the projier voltage on the bus-bars. 

i6o. Directions for Cutting Out An Alternator' Wliich Is 
Running In Parallel With One or More Alternators. 1. Prefer- 
ably cut down the driving power until it is just about sufficient to 
run the generator at zero load. This will automatically reduce the 
load on the generator. 

2. Adjust the resistance in the field winding of the machine 
which is to be cut out until its armature current is a iiiinininm. 

3. Open the main switch, then the eqnalizer switch. 

It is usually sufficient, however, to simply disconnect a 
machine from the bus-hars, thereby throwing all the load suddenly 
on the remaining machines, without having made any special 
adjustments of the load or the field current. The objection to 
this method is that it may cause serious hunting of the remaining 
machines. 

Note. The fleld circuit of the generator to be disconnected from the 
bus-bars tnuat not be ujiened before the main switch has beeu opened ; for 
if the fleld were ojiened first, a heavy current would flow between the 
armatures. 

i6i. Typical Switchboard Panel for Two-Phase Alternator 
Operated in Parallel With Other Two-Phase Machines. Fig. 330 
shows front and side elevations, and complete wiring diagram 
(back view), of one of the Genera! Electric Company's switchboard 
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panels for a two-phase alternator which is to ho operated in parallel 
witli other two-phase machines. 

The potential transformer which supplies reduced voltage to 
the voltmeter and to the synchronizing buses has its primary con- 
nected across one j>fi^fte of the generator, and the synchronizing 
device is exactly the same as for the single-phase machines. 




Fig. am. 

Tile eciuipmeiit of this two- phase generator panel differs from 
that of the single-phase jiaiiel shown in Fig. '6H2, in the following 
particulars: 

(a) The main generator Hwltcli la a four-pole BwiKsh for connecting 
the four leads from (he generator to the four llneti which pass out from the 
top of the board through four funes. 

(p) Two altematiug current amuietera are used, one for each phase. 

The "generator rheostat" 1b In ihe field circuit of the two-phase gen- 
erator, and the "exciter rheootat" in In the Held circuit of the exciter, 
exaetly aB Id Fig. 3i% 

The equipment of apparatus for this panel is as follows : 

R — rheostat In the Held circuit of the generator, "generator 

rheuBlat ". 
a = ammeter lu the lletil ulrcult of the generator, "Held am- 

V = voltmeter between the termlnalH of one phase of the gener- 
ator (through the potential trBiisformer)- 
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A) aad Ai = ammeters, one for each phase of the geuerator. 
L = synchroQixing lamp. 

r = rbeuBtat ta the field, clivult of the exciter, "exciter rheo- 
stat ". 
/i />/-/ — 'usea. 

The four small circles above and below the words " aynchrouizlug 
busses " are the points of the four-pole maiu switch. 




Fig. 887. 

Fig. 337 shows the complete coDaectione of two two-phase 
generators for parallel running. 

■63. Typical Switchboard Panel for Three-Phase Qeiterator 
Operated in Parallel with Other Three-Phase Machines. Fig. 'dSH 
shows front and side elevations, and complete wiring diagram 
(back view) of one of the General Electric Company's switchboard 
panels for a three-phase alternator, which is to be operated in par- 
allel with other three-phase machines. The potential transformer 
which snpplies rednced voltage to the voltmeter and to the syn- 
chronizing busses has its primary connected across one phase of 
the generator, and the synchronizing device is exactly the same as 
for single-phase machinea- 

The equipment of this three-phase panel differs from that of 
the single-phase and two-pLase panels shown in Figs. 332 and 33G, 
in the following particulars : 
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(<i) Tlie malu geoerator switch ix a three-pole switch Tur euimeettiig 
the three generator leads to the three linen whleli iibhh out from the top <>r 
the hoard IhnniKh three fuses. 

[b] Three atternathiK-eiirreiit unmieterN are used, one for eaeli 
phaHc. 
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Fig. 3^8 also eliows the followiog pointB, which however, are 
not charactoriatic of a three-pbasu juiiul, but might hn used on a 
two-phase panel. 

(a) The two phatiea uut couuected to tbe iwleatial transformer 
proper, are stepped-down to a reduced voltage by tlie use of one addi- 
tional potentiai traueformer T,- Fig.aS8. 

Ab explained iu article lilH, two traueronuen) HutTice for Hteppiug- 
down three phaMG to two phases. Ilotli )>oteutlal transfiirtuerij have their 
(teuoiidarlee connected to a " voltmeter plug switch ", by nieanH of which 
the voltmeter may be connected bo ae to indicate, at the will of the oper- 
ator, the voltage of any one of the three phases. 

(b) The llDBB which pass out at the top of the panel in Fig. B.38 are 
shown ooDDect«d to the three main bus-bars or rods. 

(e) No exciter Is shown iu Fig. 3!i8, and no exciter Held rheostat, 
but the panel is arranged so that one large exciter may be used for all the 
generatore. For this purpose exciter busses (two of them), connect the 
one large exciter to all the generator panels. 

(d) The generator field rheostat is geared to the band wheel by 
means of sprocket wheels and chain on the back of the switchboard. 

Thti equipment of apparatus for this panel is ae follows : 

R — "generator Held rheostat". 

a — ammeter (direct-current) iu the Held of the generator. 

V = volhueter between the terminals of one phase of the gener- 
ator (through potential transformer). 

p = voltmeter plug switch. 
A], Aj, As = ammeters fur alternating currents, one in each phase of the 
generator. 

Ij = synchronizing lamp, 

S — main generator switch, 
f,/,f = fuses. 

T — additional potential transformer. 

163. Feeder Panels. In large generating stations, the biia- 
hars, lo which the various generatore are connected in parallel, lead 
from the generator panels to the feeder panels. The feeders are 
the separate and distinct circuits which receive current from the 
bus-bars, and transmit it outside the station to points more or less 
remote. Each pair of feeders (or set of three or four in polyphase 
distribution), as it coineB into the station, is protected by lightning 
arresters as explained elsewhere. From the lightning arresters the 
feeders are brought to the feeder panels through fuse blocks, and 
through ammeters, and connected to bus-bars by meana ol suitable 
switches. 
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When there are but few feeder circuits, the feeder switches 
are mounted on the generator panel as shown in Fig. 330. 

Ground detectors are tised primarily for detecting grounds on 
feeder circuits, and wheroinany feeders are connected to the bus- 
bars, the ground detectors are mounted on the feeder panels. 
When there are but few feeder circuits the ground detector may 
be connected to the busbars, in which case the ground detector 
may be mounted on a generator panel or on a feeder panel, if 
feeder panels are used. 

It is frequently desirable to control the 
voltage supplied to a feeder circuit independ- 
ently of the voltage between the bus-bars. For 
this purpose voltage or potential regulators 
are used, and these voltage regulators are 
either mounted upon the feeder panels or are 
controlled by levers or hand wheels which are 
mounted on the feeder panels. 

When the energy (watt. hours) delivered to 
a feeder circuit is to be measared, the record- 
ing wattmeter is mounted on the feeder panel. 
Circuit breakers, when used, are nsually 
mounted upon the feeder panels and arranged 
to open the feeder switch when the current 
delivered to the feeder becomes excessive. 

Fig, 339 shows a front elevation of a typ- 
ical three-phase feeder panel manufactured 
by theWestinghouse Electric and Mfg. Com- 
pany, The equipment of this panel includes 
PI 3gg the following apparatus: 

I pilot lamp, bracket, and ebade. 

3 al tern atlug-cu Trent ammeters, one for each line of the three-line 
feeder. 

1 three-pole high-voltage doubl«-breB% plunger switch, mounted 
back of the panel and operated by a lever on the front of tbe paae). 

3 filngle-pole fuse blocks. 

164. High-Voltage Switchboard Panels. In alternating- 
current generating stations for long distance transniissiOD, the 
alternating currents are generated at a medium or low voltage, and 
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are tlien stepped-np to 10,000 to 40,000 volts or more for traoa- 
inissioD. In sncli BtatioDS, the low voltage Bwitches and controll- 
ing devicee, inclndiog exciter switches and rheostats, are mounted on 
panels separate from the bigb-Toltage switches and devices. Snch 
stations Lave, therefore, low-voltage panels and high-voltage panels. 
The high. voltage panels differ from the low-voltage panels in hav- 
ing very mnch greater distances between the high-voltage parts, 
in order to avoid the danger of short-circuit by sparking across 
through the air, and in having special forms of switches. These 
special switches are described in following articles with other forms 
of switchboard apparatus. 

Special Switchhoaril Paneh. Usually the fuses, switches, 
starting and controlling devices which are used in connection with 
a synchronous or induction motor, a rotary converter, or a motor- 
generator, are for convenience mounted upon a switchboard panel. 

SPECIAL SWITCHBOARD APPARATUS. 

165. The Lincoln Synchronizer. When incandescent lamps 
are used as synchronism indicators in the starting of asynchronous 
motor, or in the paralleling of alternators, the pulsations of bright^ 
nesB indicate only the difference in frequency of the two machines, 
and it is in general impossible to tell from the l>ebavior of the 
lamps which of the machines is running at the greater frequency. 

The Lincoln synchronizer is a device for indicating positively 
the difference in the frequency of two alternators which are being 
adjusted into synchronism, and also for indicating positively tho 
phase dtlTerence of the two machines at each instant. 

The Lincoln synchronizer is a very small machine of which 
the iron parts are exactly like the field magnet and armature core 
of a very small two-pole direct -current motor, except that both 
field magnet and armature core are laminated. The field magnet 
is excited with alternating current by connecting the field winding 
to the terminals of A, of the alternators A and B, which are being 
synchronized. The armature of the synchronizer is wound with 
two coils c and </ at righ t angles to each other. Each of these coils 
is independently conHecle<l through collecting rings to the termi- 
nals of alternator B. Coil v has c<»nnected in series with it a non- 
inductive resistance, and coil d has connected in series with it a 
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lariri' iiiiliicUiiK-e. Tlio HriiiAtiirf of the sitiatl iiitu-luiif liaB HttHL-lit-d 
to it H jioiiilfi- wliicli iiiovi's ovt-r a ilividtil tiin-ii-. Wlifii iiiacliiiics 
A and I( Imvc i>\aclly tlu' tiuiiit- rntiiit'iicy. lliin puiritfr is elutiun. 
ary. and iU n-ailinfr on tlic circli; iiidicatt-s tlif pliasi; dilForem-f 
Wtwei'ii tlii^ two tiiachiiK'H. AVIuti iiiacbiiit- A in ninniiig at a 
slightly fjR'aUT frwjneiu-y llian li, tlif pointer rotates in a certain 
direction indicatiiif^ at each itiutant the chaiifriiifj phase-difTerence 
l>etweeii A and H, Wlien machine A is niiitiing at a slightly 
lower frequency than ]i. the poiuter rotatea in the opposite direc- 
tion, indicating at each instant the changing phase-ditference be- 
tween A and li. The sjH'ed of the pointer in revohitiona per second 
is in each caseequal to 
the difference in fre. 
quency of machines A 
and B, in cycles per 
second. 

Of course the con- 
nectioiiof the synchro- 
nizer to the terniinuls 
of machines A and 11 
may Ije either direct or 
th rongli step-down 
transformers, (iener- 
ally t!ie latter method 
KIk- Ml}. of connection is em- 

ployed. 
166, Fuses. The expulsion tyjie of fuse, much used for 
medinm voltagea in alternating-current systems, is deseril>ed in 
article lOSe, in connection with transformer fuse blocks. 

A general view of a Stanley expulsion or " Iwrrel " fuse for 
medium voltage is bIiiiwu in Fig. 3iO. The iucloaing tube made 
of highly insulating and fireproof material has metal caps ou its 
ends, to which are attached the irietal blades which lit into the 
spring clips W'tween which the fuse is to Iw connected. The 
inclosing tube, or barrel, servea as a handle by which the device is 
held while it is being pushed into jihice. The metal blades are 
providiNl with holes which match corn'K)K)ndiiig holes in the 
spring clijw in which pins are placed to prevent the device from 
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lieing witlidrawn from the clips. TLe vent out of which the 
iiietallie vapors are blown when the tnee nieltB,i8 at the end of the 
barrel. In the WestinghoiiBe expulsion fuses deacrilied in article 
108e, the vents are located on the aides of the barrel opposite the posi- 
tion of the attendant's hand as he replaces the fuse barrel in position. 

A slightly different style of barrel fnse is shown in Fig. 341, 
in which the handle is distinct from the enclosing tube. 

167. Special Switches. Special styles of switches are re- 
quii'ed in many cases in alternating-current work on account of 
the excessively high voltagiis, especially when the switch has to 
handle large currents at high voltage. 

The use of a marble slab between the blades and contact 
points of a donble-pole switch, as a harrier for [iiwenting the arcs, 
which are formed when the switch is opened, from Hashing across 
and short-circuiting the [>oints of the switch which are connected 
to the generator terminals, has already 
been mentioned in article 155. Such a 
switch with marble barrier is shown in 
Fig. 331. 

Arcing is reduced to a minimum in 
every case by o|)ening the switch very 
quickly, and all of the special alternat- 
ing-current switches described below, 
are arranged to oiwn with a snap, even 
though the controlling lever is moved 
slowly. 

Mult! pie- break switches are used to 
lessen the trouble from arcing. A i/nil- 
tiph-bre'ik switch is one which makes 
two or more breaks (in series) iii a circuit pig, 341. 

simultaneously. Some of the B|)ecial 
switches described below are donble-break switches. 

Damage to switch-blades and clips, due to arcing, is reduced 
to a minimum by providing carbon blocks which make a connec- 
tion in parallel with the switch connection proper. When the 
switch is opened, the metal connection is broken first, and the car- 
bon connections afterwards, so that the arcing always takes place 
between the carbon blocks. 
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The eaiiie inethodB are availablt) for suppressing the arc be- 
tween the break points of a switch as for stippressiDg the arc 
which tends to maintain itBelf between the terminals of a fuse link 
when the link fuses. Thue some of the switches to be descrilied 
break the circuit between the end of a movable copjwr rod and a sta- 
tionary copper socket, both of which are surrounded by a porcelain 
tube, thus utilizing the expulsion principle for suppressing the arc. 

The most effective method tor suppressing the arc on a high- 
voltage switch is to design the switch so as to oj)en quickly under 
oil, and for very high voltages to provide for several simQltaneoua 




Fig. 342. 
breaks in series. Oil-switches are now almost nniversally used in 
large modern higb-vottage stations. 

Fig. 342 shows a high-voltage four-pole double-break snap 
switch manufactured by the AVestinghouse Electric and Manufac- 
turing Company, It is- arranged so that the breaks occur in por- 
celain tubes in order to suppress the arcs by expulsion, as in the 
case of expulsion or barrel fuses. Tiiis switch is ordinarily 
mounted on the back of the switchboard, and is ojierated by a 
lever on the front of the board as shown. 
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A cast-iron frame, mounted upon the back of the marble 
panel, serves as a support for the porcelain cylindera as well as a 
guide for the operating rod which passeB through the long central 
socket as shown in tlie figure. This operating rod ie controlled by 
the lever on the front of the panel. 

The Blender copper rods or plungers, shown in the figure, are 
fixed to a metal spider or crosshead, being insulated from the 
spider by thick insulating bushings. This spider is supported on 
the end of the operating rod, upon which is a collar which com- 
presses a helical spring when the switch is closed by pulling 
down the operating lever. As the switch is closed the copper rods 
enter the porcelain cylinders and make contact with spring sock- 
ets, which are in metallic connection with the binding posts shown 
at the base of each porcelain cylinder. 

When the switch is opened, the movement of the controlling 
lever trips a catch which releases the operating rod, and the com- 
pressed spring throws the croeahead and attached copper rods out- 
wards, thus suddenly breaking the circuit, or circuits, which are 
controlled by the switch. 

The switch shown in Fig. 342 is designed to connect four 
wires from a twO-phase generator to the four wires leading to the 
bus-bars, or to a four-wire feeder circuit. This requires eight 
porcelain cylindera and eight plunger rods to give a double break 
in each of the four distinct circuits. The four leads from the two- 
phase generator are brought to alternate binding posts, shown 
mounted on the left-hand ends of the porcelain cylinders, whereas 
the four circuit wires are connected to the four remaining binding 
posts. The copper plunger rods are connected together in pairs 
by metal bridges near the supporting spider. One of these bridges 
shows in Fig. 343. 

Any on© of the four distinct electrical circuits is completed 
through the switch, aa follows: Que of the four dynamo l^s is 
connected to the binding post A, whence the current passes up rod 
B, across the bridge C, and down the rod D, to a feeder wire con- 
nected to the binding post E, 

Fig. 343 shows a three-pole double-break spring or snap oil 
switch manufactured by the (ieneral Electric Co. This figure 
shows the switch with the oil tank removed. This particular 
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Bwiifh Iiiifi H trip iiiecliHiiiHiii wliii-li ia rfleaswt elfctricftlly, as in 
tlitf oniiriary direct-('iiriviit circuit bivaker, by an iron plunger 
which in TiHtvcd liy a solenoitl thmii^h whifh tlowa tlie alttTiinting 
i-nnviit (one of the thrt-c cnrrents coiitrolltKl by the switehV When 
tho trip iiiii-IiHnimii is n^leaged, thu swttoii opens witli a snap, and 
it is oluiH'd liy liaiid. 

Fig. ii44 shows the skine tyjie of switirh ae fa Bhown in 343 
but with the oil tank in position. This ftartit-iilar switch is oper- 
ated by hand. 

Tlie six leads for the three-pole awitcli shown in Fig. 343, 
pass through long porcelain bushings in the metal bracket which 
series as the supjrort for the switch inechanieni, and as a coverfor 
the oil tank. These leads connect to the spring sockets shown in 
the figure. The three vertical rods showr in the figure are made 
of well-seasoned wood, and each of these wooden rods carries at its 
lower end a metal cross-piece witli two conical Ings. When the 
switch is closed, these cross-pieces are drawn up and the conical 
lugs are forced into the spring sockets, thus making connections 
across between each pair of spring sockets. Wlieu the switch is 
opened, the wooden rods are pushed suddenly downwards making 
two breaks in each circuit. 

The oil switches of the General Electric Company are manu- 
factured single-pole, double-pole, triple-pole, and four-pole, all Iw- 
ing of the single-throw type, and in three general forms, as follows: 

(«) nand-ope rated (Fig. 344) for rai jntlng directly upon tbe 
Hwiteliltuard. 

{b) Fur luetallatiiiii at a remote point within fireproof compart- 
meuta, or "cells" made of brick, and for li and operation from the front of 
theewitcbboartl through a Hysleni of levent. The arrangementof levers 
Is shown iu Figs. 345, Jt4il, 347, and ii43. For systems in which the voltage 
exceeds 6,000, the switches are usually remote fruia the switchboard, it 
is especially desirable to enclose oil switches In lireproof compartments, 
inasmuch as the esplusive action of the arc under oil eumetimes throws 
the oil out oftlie tanit and may set lire to it at the same time. 

(c) For usein combhiatlou wltli au eleclrically-operated tripping 
mechanism, making tlie xwitch into an automatic circuit breaker. This 
forni Is made fur muunthig u|h)ii the switchtKiard as shown iu Fig. 34,^, or 
for remote installation, as desired. 

Fig. 341t is a general view of a (ieneral Electric three-pole oil 
switch, or rather three single-pole switches operated by an electric 
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motor, which is controlled from the switcliboard. Each single- 
pole Bwitch ID Fig. 349 is mounted in a separate brick compart- 
ment. The oil ia contained in long metal cylinders in order to 
reduce the amount of oil to a minimum. The long brass connect- 
ing rods pass through holes in the porcelain bushings in the tops 
of tbe cylinders, and the ends of these rods carry conical lugs 
which lit intospringsockets. These 
spring sockets are connected to rods 
which pass out through porcelain 
bushings in the bottoms of the cylin- 
ders, and these lower rods are con- 
nected together in each compart- 
ment, thus making a double break 
single-pole switch. The metal cyl- 
inders in Fig. 340, and the metal 
tanks in Figs. 343 and 344 are en- 
tirely insulated from the switch 
points proper. 

The type of oil switch illus- 
trated in B'ig. 349 is today the 
standard for high voltage circuits 
carrying large alternating currents, 
and is used extensively in many of 
the most recent high-voltage gener. 
atmg stations. 

Fig. 350 shows a common form of knife switch specially con- 
Btructed to give a quick break. The switch blade is in two parts 
a and h, to one of wliich (a) is attached the operating handle. The 
two parts a and h of the blade are connected by strong helical 
springs s s, one on each side of the blade. When the handle is 
pulled forward to open the switch, blade a leaves clip c, while the 
springs are put in tension more and more until the switch blade b 
is pulled from tbe clip c, with a snap, thus causing a sudden 
breaking of the circuit. Fig. 350 shows two single-pole quick- 
break switches. The one on the left, designed for 600 amperes, is 
provided with two massive tubular terminals t i, into which the 
terminals of the main circuit are inserted and soldered. The 
switch on the right, designed to carry 3,600 amperes, is furnished 
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with massive Btuda <I <], wliifh project through holes drilled in 
the switclihuard tu the htick of t)i» l>oard. Connection to tliese 
Btuds is made by clHinping the tf niiinala of the main circuit to 
tlieni by means of the threaded nuts n n. On account of the 
large current to ho carried, extra larjje contact surfaces are pro- 
vitled lietWL'i^n ewltcli hiades and clips, as si^en in the ti<^ure. 

i6S. Feeder Regulators; Potential Regulators. Wlieit sev- 
eral fewh-r circuits aif supplied from the same buB-bars, and when 




it is desired to control tlie voltage on each feeder circuit huJijx in}. 
uidltj of the others, feeder regulators are rcijuired. 

The single-phase feeder regulator is an aUto-traneforiner with 
its ])riniHry coil connected across (that is as a shunt to) the bus- 
bars, and its secondary connected in series with the feetler circuit. 

(if) In one type nf ree<)er alnf^Ie-pha)>e re>;ulat()r (the Stillwell) the 
secoixlary cull has many 1ea<ls brout^htutit to jioinlHon a dial switch, bo 
ttiattheiiui>il>eri>rae1ive liirnHon the setMUtlary coil may bevlian^^d at 
will, thuH jiermUtlng the adjuxtment of the Teeiler voltage to any desired 
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(h) In another type, the primary ant) HCcoiulary ci>I1b are wound 
at rlglit-auglea to each uther on the Inner face of a laminated Iron ring 
very much like the etator ring of au induction motor. The magnetic flux, 
due to the primary coil, ia made to pass in vhnle or in purl through the 
secondary coil by tumiiig a laminated core as explained below. 

(c) Polypliase feeder-regulatora usually coneiat of several slngle- 
phaee regulators, one for each phase. The advantage of this arrangement 
la that the voltage of each phase may be controlled separately. A com- 
bined polyphase feebler regulator is, however, sometimes used. 

(ff) The StUhtrU Reguhdor. Fig. 351 ia a general view 
of a Stillwell single-phase voltnge regulator with its dial switch 
complete. The dial switch alont< is shown in Fig. 353. The coni- 
pletti internal connections are shown in 
Fig. 353. The primary coil of the regu- 
lator is permanently connected across 
the bus-bars (or generator terminals). 




Fig. 351, 



One feeder wire passes out directly from the generator and the 
other passes through few, or many, turns of the secondary coil of 
the regulator, and thence to the line. The reversing switch A, 
serves to connect the feeder f to one or the other terminal of the 
secondary coil, and the arm of the dial switch connects the line 
wire to any one of the taps which are brought out from the sec- 
ondary coil. For one position of the reversing switch, the induced 
voltage in the secondary turns, which are connected in series with 
the fetter circuit, is added to tlie generator voltage, thus raising the 
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feeder voltage. For tbe other poBitioa of the reversing switcli, the 
induced voltage in the secondary turns, which are id series with 
the feeder Circuit, is subtracted from the generator voltage, thus 
rwlucing the feeder voltage. 

When the arm of the dial 
switch touches two adjacent 
'OrritreOai contact points (and it must be 
arranged to always touch ooe 
point before it leaves the other), 
the intervening turn (or turns) 
of the secondary coil of the reg- 
.ulator is 8hort-circait«d, To 
overcome this difficulty, the 
arm is made double, that is, two 
arms A and B move together 
side by side as shown in Fig. 
354. These arms are shown 
connected to two contact points, 
say 15 and 16. C represents a 
special form of choke coil con- 
eistiug of two windings on one 
iron core. These two windings 
are arranged bo that equal cur- 
rents flowing out from A and 
B circalate aroand the core in 
opposite directions, so that tbe 
f^v^ntiv9 Co!h ' '^^^ '^ "°* magnetized, aud the 

windings of C have no choking 
action. When, however, the 
two fingers A and B touch adjacent points of the dial switch, the 




turns of wire S on the regulator secondary tend to send a very 
large current out on A, let us say, and back on B, These oppo- 
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sitely flowing currents cirfiilHtts aruinul ttie viira of (.' in the Baiiie 
direction. These currents, tliemfore, magnetize the core, and the 
^t-tndingB of C have in conBeqiience a very considerable choking 
action. The effect of the special choke coil C is to choke down 
op[)OBite!y flowing currents in the fingers A and B, and at the 
Bame time to allow currents flowing in the same direction in the 
tingers A and B to flow through it without any choking action. 

^b) I'/'ii iii'fi/ii'-f/'- voitiiijf retjidiitiir. The type of voltage 
regulator mentioned under (b) al>ove is sometimes called the mag- 
netic voltage regulator. A laminated iron ring II R It R, Fig. 355, 
has four large deep slots on its inner face in which the primary 
coil I* P and the secondary coil S S are placed. A laminated core 
C (.' mounted on a spindle is arranged to be turned into any desired 
[Hisition by means of a hand wheel. In the position indicated by 
full lines, the core carries the magnetic flnx due to the primary 
coil in one direction through the secondary coil, and in the posi- 
tion indicated by dotted lines, 
the core carries the magnetic 
tlux due to the primary coil in 
the other direction through the 
secondary coil. Therefore 
when the core is moved slowly 
from the position 1 to the posi- 
tion 2, in the direction indi- 
cated by the arrows, the voltage 
induced by the secondary coil 
changes gradually from a full 
[)Ositive value to an etpial neg- 
ative value in its relation to the 

primary voltage. Thati9,wlieii Fig, 866. 

the core is position No. 1, the 

induced voltage in the secondary coil has its greatest value of say, 
100 volts which, if the coils are properly connected, is added to the 
bus-bar voltage E, giving a feeder voltage of E -I H)0. When the 
core is midway between the two positions 1 and 2, the iiiducvd 
voltage in the secondary coil is zero, and the feinler voltage is then 
ecjuai to the bus-bar voltage E. When the core is in tJie position 2. 
the induced voltage in the secondary coil is again at its greatest 
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value oF eay, 100 volts, but in such a direction as to oppose tLe 
bus-bar voltage, bo that the ftjeder voltage is E - 100 volts. 

Fig. 356 is a view of a magnetic voltage regulator with the 
cover of its containing case removed. Tlie two coils, primary and 
secondary, at right angles to each other, are clearly shown with 
their leads passing oat to the connection board which occnpies the 
compartment on the hack of the ease tn the iigure. The hand 
wheel for turning the iron core is also shown. A valuable feature 
of this type of regulator is that it produces a continuous variation 
of voltage, whereas the Stillwell regulator produces a step-by-step 
variation in the voltage. 

(c) T/iti iiulurti'in ri-ijiiJntiir. The combination polyphase 
induction regulator is called 
the induction reijulat^n' 
from its similarity to the 
induction motor. The ac- 
tion of the induction regu- 
lator stated in simplest 
terms is as follows: A reg- 
ular induction motor stator 
has its polyphase windings 
connected across the poly- 
phase bus-bars. Tliis pro- 
duces a rotating magnetism 
in the stator iron as ex- 
])laine<l in article 137, 
This rotating magnetism 
rotates in syjichronism with 
the generator or generators which are supplying current to tlie bus- 
bars. Inside of this induction motor stator (or primary) is placed a 
polyphase armature which does not revolve, but it is inonnted on a 
spindle so that it may be turned through an angle of 00^ or 90" by 
nieaiis of a hand wheel and worm gear. The rotating stator mag- 
netism induces polyphase electromotive forces in the windings of 
this jHJiyphftse armatnro; these polyphase electromotive forces are 
in synchronism with the electromotive forces between the busbars, 
and the two (or more) windings of the polyphase armature are con- 
nected in series with the two (or more) feeder circuits (constituting 




Fig. 358. 
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Fig. 357. 

of eouFBe one set of polypliaae feedei-s) which are to be regulated. 
The electroiHotive forces in the etatioiiaiy armature wiudiogg may 
be in phase with tlie bus-bar electromotive forces, in which case the 
regulator raises the voltage bj the greatest amount of which it is 
capable. Bj turning the stationary armature by means of tbeband 
wheel and worm gear, the phase difference between the bus-bar volt- 
ages atid the voltages induced in the stationary armature windings 
may be gradually changed from coincidence of phase to opposition 
of phase, during which time the boosting effect of the regulator 
will gradually drop to zero, become negative, and reach its greatest 
negative value when opposition of phase is reached. Thus if the 
electromotive force induced in each armature winding of the regu- 
lator is 100 volts, and if the bue-bar voltage \a 1,000 (each phase), 
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then the vuititge In^tween the feeders can Iw varied from 900 volte 
to 1,100 volts by means of the regulator. 

Fig. 357 is a general view of a six-phase induction regnlator in 
its containing case, manufactured by the General Electric Co, This 
]>articular macliine has the primary windingB on the movable mem- 
l)er, whereas the armature windings are on the stationary member. 

It is used for controlling the alternating-cnrrent voltages ap- 
plied to tile collector rings of a six-phase rotary converter. Tlie 



Fig. .V>8. 

ligiire shows a small direct-current motor mounted on the regn- 
lator case for turning the movable memlHir of the regulator, this 
motor being controlled by the hand wheel shown in the figure. 

Fig. 358 shows the laminated iron core of the stationary 
nienilier of an induction regulator, the stampings of which are 
elamjR'd in a cast-iron shell. Fig. 359show8 the movable core. 

Ratings of Voltage Regulators. It was ])ointed out in arti- 
cle Uu, that the total amount of power delivered to service mains 
at a slightly increased voltage produced by an auto- transformer is 
very much greater thau the power actually triuiBforined from the 
primary to the secondary of the transformer. In fact the jjower 
actually transfornu^ is equid to the inci-ease (or decrease) of volt- 
age multiplied by the total current delivered, and the rating of 
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the auto-transfoniier (wbicb dtiterinineb its eizu) \a based upon tbe 
power ai'tiially traiiaformed. 

£xa>/ij}lc. A voltage regulator is to 1h) used for raising tbe 
voltage of 2,00()-volt busbars to a luaxiiiiiim of 2,100 volts, 
and tbe iiiaxinmin current to 
be handled is 100 amperes. 
In this case the transformer 
rating of tbe regulator is 
100 amiKTcB at 100 volts {or 
10 kilowatts), whereas, tbe 
total power to l>e delivered to 
the feeders is, at its maxi- 
iniim, 2,100 voltsx 100 am- 
peres or 210 kilowatts. 

Since a voltage regu- 
lator transforms only a small 
fraetion of tbe power deliv- 
ered to the feeders which it 
controls, the losses of power 
in the regulator are very 
Binall indeed. Thus tbe 10 
kilowatt regulator above 
mentioned might have a 
total loss of 300 watts, wbicb is 3 per cent of the power actually 
transformed by the regulator, and only one-seventli of one per cent 
of the total power delivered to the feeders. 



XR 



Fig. 359. 




■69. The Voltmeter Compensator is a device by means of 
wbicb the voltmeter on tbe switchboard in a station is made to in- 
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dicate the voltage between the transmisBion litieB at Boiiie remote 
feeding center or receiving station. The eesential principles of 
this instrument are: 

An alternating-current generator (i delivers alternating cur- 
rent at voltage E betwet^n its terminals. This current is trans- 
mitted over a line of which the resistance is K (including r) and 




Figs. 361 and 



the reactance is X ^including x) and the voltage at the receiver is 
E. The line loss of electromotive force is XI due to reactance, 
and RI due to resistance as explained in article 36. The relation 
between E„ E, RI and XI is shown in Fig. 361. T is a trans- 
former which supplies to the voltmeter V a voltage which is e.v- 
actly in phase with E,„ and, let us eay, one-tenth as great. Let v 
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Fig. 868. 

be a reactance one-tenth as great as X, and /• a resistance one- 
tentli as great as R. Then the voltage between the points a and 
b consists of two parts, ?•! and al, which are in phase with, and one- 
tenth as great as, RI and XI, respectively, Tlierefore rl and a'l 
subtracted from one-tenth E^^ give a voltage which is exactly equal 
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to, and in phase with, one-tenth E,m shown in Fig. 363, bo that 
the voUmettir being aijted upon by (one-tenth E - rl - xl) gives a 
reading which nmltiplied by 10 ib eqnal to E, 

In practice, it ia not 
desirable to connect the 
voltmeterwires to the high- 
voltage mains, and the 
essential features of the ar- 
rangement shown in Fig. - 
300 are realized by intro- 
ducing r and w in series 
with the secondary of a 
current transformer T', as 
shown in Fig. 303. More 
or less of the reeiBtance r 
and of the reactance x may 
be inclnded in the volt- 
meter circuit by means of 
two dial switches of which 

the arms are represented by |,-j j^ 

d d, Fig. 303. The object 

of these dial switches ib to enable agivencumj)enBator to he adjusted 
to any given transmisBioa line. 

Fig. S64 showB all of the apparatus used in connection with 
the WestiughouBe compensated voltmeter; the lines are shown ac 
the left, Z, /, T is the step-down potential transformer, T is the 
series transformer, d d is the case containing the resistance r and 
the reactance x, and upon which the dial switches are mounted, 
V is the voltmeter, and VE is the resistance in series with the 
voltmeter. 

UOHTNINQ ARRESTERS. 

170. Effects of Lightning. When a lightning stroke oecwrs 
in the neighborhood of a transmission line, a sudden rush of elec- 
tric current takes place over the line dae to one or more of the 
following causes : 

(a) Electric cliarge acccumulated on the line Im suddenly released 
and tends to flow to t^artb. 
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i,b) The msKuetlc action of the ligbtuing discharge induces a eud- 
den ru&h of current iu the line. 

(c) When the lightning discharge actually strikes the line, an eDor- 
nious rush of current takes place over the line and to earth. 

WbeD the suddeD rusli of current whieli acooiiipanieB a light- 
ning disc'liaige encounters a portion of the circuit which has con. 
sidemble inductance, very great electrainotive forces ar»^ created, 
in the same way that enoniious mechanical forceaare created when 
a moving Inxiy strikes a )it-«vy ol)8tacle, and the insulation of the 
circuit, Iw it air or solid insulation, is likely to I>e broken down, or 



Fig. 365. 

punctured, giving a short patii to the earth for the rush of current. 
Thus 8 sudden rush of current coming into a station over a trans- 
mission line, encounters the highly inductive windings of wire of 
a transformer, dynamo, or other apparatus. The electrical inertia 
(inductant-e) of the windings dams np the rush of current, as it 
were, and the current rush is almost sure to break through the 
insulation at the very entrance to the winding, passing from the 
copper wire over to any uietal which is connected more or less 
thoroughly to earth. 

■71. A Lightning Arrester is a device for shielding a trans- 
former, dynamo, or other piece of apparatus from the rushes of 
current which come into a station on an overhead line during a 
tlinndersturm. 
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Tlu- ligbtuing arreBter conBists ot: 

{a) Au luductaucc coll, or cboke coll as it 1b called, for dammjiit; up 
more or lees completely the rush of current before it reaches the dynamo 
or other apparatus. 

(b) A weatt place, specially arranged Id the iueulatioD of the line, 
that la, a spark gap, juet iu frout of the cboke coll through which the 
dammed uji rush of curreut may break, and flow barroleeely to earth. 

(c) A conducting path to earth as 
straight and direct as possible, and a good 
earth connection. Turns and bends In the 
c«>nducting wire connected to earth, are to 
be avoided, InaHinuch as they iiitnMluce 
Inductance which tend» to check the quick 
flow of current to earth. 

(rfi A device for extinguisbli)); the 
electric arc which may be matulained 
across the B]>ark gap liy the re^^ularllne 
curreut Itnelf, after the ruHli of cuireut from 
the lightning discbarge has passed and 
gone. 

The choke (.-oil of a lightning 
arrester iiniBt be very highly inBiilalod, 
Two types of clioke coil are coniinouly 
used. Fig. 3li5 ebowB a cylindrical 
cboke coil nioiuited on a marble base, 
and consisting of three layers of large 
and very thickly insulated wire. The 
terminalB of the coil are at its two 
ends. Fig. 360 BbowB a choke coil 

coDBiBting of an insulated copper strip wound like a roll of tape. 
One terminal of this choke coil is on the outer edge and the other 
is at the center. The figure shows the method of supporting the 
coil on a special insulator carried on a bracket. Iron cores do 
not add to the damming action of a choke coil in the case of the 
excessively quick rusbeB of current which accompany lightning 
dischargee, for the reason that the iron does not have time to 
become magnetized. Therefore lightuing arrester choke coils are 
always made without iron cores. 

The spark gap of alternating eurrent-ligh thing arresters la 
usually made between massive blocks of metal. The effect of 
these massive blocks is to sntliciently cool the va[)ors of the aiv. 
during the brief interval when the alternating current is nearly 
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equal to zero, to prevent the passage of tiie next wave of alter- 
nating current. Thus an alternating electromotive force of a fre- 
qneney of fiO cycles per eecond,-and 500 volts (effective value), 
cannot maintain an arc across a ^f inch air gap between massive 
blocks of brass. For higher voltages, two or more spark gaps are 




Fig. »B7. 



Fig. 368. 



connectixl in series. Fig. 307 shows six spark gH|>3 in series be- 
tween seven massive brass cylinders mounted in a row between 
two porcelain supporting blocks. The end cylinders have bolta 
running through them which serve to clamp the porcelain blocks to- 
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Fig. 369. Fig. 370. 

gether, and also serve as electrical terminals L arid G, which are to 
be connected to the line and to the ground (earth) respectively. 

Fig. iJ08 shows a row of seven metal cylinders mounted on a 
marble base or panel. The middle cylinder has a ground connec- 
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tion 6 and the two end cylinders liave binding posts L L for 
connecting to two lines. 

This arrangement gives, therefore, three epark gaps in series 
between each line and the ground, which is enfKcient to suppress 
a 1,000- volt are. 

FigB. 369, 370, and 371, if^ ^^ 

show the details of a double- 
pole lightning arreater for 
outdoor use. The metal cyl- 
inders are held in place by 
porcelain blocks which fit in 
a watertight containing 
case, and the arrester is thus 
suitable to be installed on a 
pole or other location exposed 
to the weather. 




Fig. S71. 



Fig. 372 shows the method of connecting Westinghouse 
arresters for protecting two line wires. For l,3yO-volt lines, three 
spark gaps between each line and ground are sufficient. For 2,500 

lOOO VOLTS SOOO VOLTS 

r~@n r — ^~ 

<^ DYNAMO ^c ci DYNAMO J.q 




Fig. 372. 
vulte, six spark gaps between each line and ground are required. 
If choke coils are used they are connected iu circuit at the iwinta 
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Fig. 373. 



marked C C C C. Frequently choke coils are not used, in which 
case the dynamo or tranBforiner itself eliokes the rush of current, 
and the insulation on the dynamo or transformer 
must be considerably stronger, electrically, than the 
series of airgaps in the path from the line through 
the arrester to ground. 

rV' iif reshtiince in gveivs with the Hjxirl 
ff'ij's. When a lightning discharge breaks down 
the spark gaps between both lines and earth, or 
.when one line is already grounded and the lightning 
discharge breaks down both gaps between the other 
line and earth, a very great current flows from the 
dynamo across the gaps [roiri line to line, on account 
of the low resistance of the spark gaps when once 
broken down by a spark. This great flow of current may be pre- 
vented by a resistance connected in series with the spark gaps; and 
if this resistance is as nearly non-inductive as 
possible, it has no serious effect in retarding the 
flow of the lightning discharge to earth. The ad- 
vantage of this resistance is that, with the smaller 
current from the dynamo which follows the light- 
ning discharge, the cooling effect of the massive 
metal cylinders can more easily and surely sup- 
press the arc. The practice of the General Elec- 
tric Co. is to use this series resistance in all their 
alternating-current arresters, even for 1,000 or 
2,000 volts, while the Westingbouse Co. uses the 
aeries resistance only for much higher voltages. 
When the series resistance is used, the number of 
spark gaps in series required to suppress the arc 
is less than when the resistance is not used. 

Fig. 373 shows a double-pole lightning ar- 

V ^'mT ^ Tester for a l.OOO-volt circuit mounted on a por- 

^ — «^lain block, and Fig. 374 shows the same arrester 

enclosed in a water-tight case for outdoor use. 

Tliifl 1,000-voIt double-jX)le arrester consists of 

three short brass cylinders shown at the top in Figs. 373 and 374, 

the middle cylinder being conneettHl to ground, and the two side 




Fig. 374. 
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cjlindera to tbe i-espective Hues through iioii-iiidiictive resistances 

made of rods of graphite. Tliese rods are the vertical rods shown 

in Figa. 373 and 374. There ia, 

therefore, one spark gap and a 

graphite resistance Iwtween each 

line and the ground. Fig. 375 

eliuwB the manner of connecting 

one donble-pole 1,000-volt ar- 

reater, marked 1,(K)0-V D P, or 

two aingle-pole l.OOO.voIt ar- 

reatera (marked 1,000 V SP),to 

the two lines /, /, of a 1,000-volt 

alternator. The choke coils or 

react a'nee coils are indicated by the 

two spirals next to the alternator, 

and the ground connection is at G. 
Fig, 376 shows the manner 

of connecting one double-pole 2,000- volt arrester (marked 2,000 

VDP), or two eingle-pole 1,000-volt arresters (marked 2,000 
V S P) to the two lines /, 
I /, of a 2,000.volt alternator. 
This 2,000-volt arrester has 
two apark gaps between each 
line and the ground, as may 
be Been by carefully study- 
i„g Fig. 370. 

Arresters for very high 
voltages are made by con- 
uecting low-voltage arresters 
in aeries. Tlma Fig. 377 
ahowa two double- jx)le 2,000- 
volt arresters connected as 
single-pule arrestera to the 
two lines /, /, of a 3,000-volt 
alternator. This places the 
four s])ark gaps and the two 

graphite rt^sistanceB of each arrester in series between each line 

and the ground. Fig. 378 shows eight double-pole 2,000-volt 
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Pig. .378. 
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arresters coniiech>d in series in two Bfts of four arresters each, to 
protect a 10,000- volt line, /, /. Eacli set serves as a single-pole 
arrester giving sixteen spark gaps and eight graphite resistances 
in series between each line and the ground. 

Fig. 379 shows two arrester units of six Bpark gaps each, 
arranged as a single-pole arrester to protect one line wire of a pair 
of 0,000-volt niaine. At the very beginning of the lightning dis- 
charge, the six spark gaps of A, only, have to break down, then, 
perhaps one ten-millionth part of a second later, the current 
through the series gaps of A and the " shunt resistance " becomes 
sufficiently great to cause the break down of tlie shunted gaps B, 
when the current rush flows to earth through the coniparative'y 




low " series resistance ". As the current rush dies away, the ares 
in the shunted gaps are suppressed lirst, because of the fact that 
the " shunt resistance" takes a considerable portion of the current, 
and the area in the series gaps are suppressed afterwards. 

I73. The Combination of a Condenser with a Choke Coil. 
The choking action of a coil of wire is due to its electrical inertia 
or inductance, and the shielding of the apparatus behind a choke 
coil from severe electrical strains is precisely analogous to the 
following mechanical arrangement ; 

A wall is shielded front the severe strains due to a hammer 
blow by allowing the hammer to strike against a very heavy ball 
of iron wliic.h rests against the wall. The completeness with 
which this heavy iron hall shields the wall dejwnds u()on the inter- 
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poBing of an eiaatic enbstance between tlie ball and the wall. TLe 
ball alontf cannot shield the wall unless the wall itself is slightly 
elastic. The completeness with which a choke coil shields the 




Fig. 378. 
dynamo and other apparatus depends upon the presence of some 
electro-elastieity*, or capacity in the circuit behind the clioke coil- 
In some cases the circuit behind the choke coil has sufficient 
capacity for this purpose; it is always best, however, to connect a 
condenser behind the choke coil as shown in Fig. 3S0. 




^-wmmrmmf^ seres rcs.st 



Fig. 379. 
The choke coil and condenser are immersed in an oil tank 
when installed. From Fig. 380 it is 



connect to choke coil and condenser. Thi 



■ See article U. 



that three wires li /i // 
combination of choke 
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coil Hiid condenser is called a "static interrnpter" by the West- 
iiigbonse Conijiany. 

INSTRUCTIONS FOR INSTALLING LIOHTNINO ARRESTERS. 
173. Location of Arrester. Aa regards tlie location of liglit- 
oing arresters, electric plants may lie divided into two groups : 

{a) Plants In which the Inillvldual pieces of apparatus such as 
trauaformen, motore, arc lights, etc., are many in number and widely 
scattered. In these cases lightning arresters should be located for the 
purpose of protecting the whole Hue. They should be located at a num- 
ber of points, more numerous on the parts of the line particularly exposed, 
and fewer Id number on the parts that are naturally protected, especially 
those parts shielded by tail buildings or numerous trees. No deHnHc 
statement can be made as to the number of arresters needed per mile, as 



TO APPARAT US 



GROUND GROUND 

Pie- .'180. 

the re<|Uirements uf different caues vary widely. Fre<iueutly tu this sort 
of plant, choke coils are not iise<l on circuits not exceeding 2,500 volts. 

(6) Plants in which the apparatus Is located at a few delinlte )>oints 
In the system, as in a bigh-voltage transmission Hue. In such cases the 
arresters should In general be located to protect especially those poiulH 
where apparatus Is situated — that is, should be placed with the object of 
protecting the apparatus rather than the Hue as a whole. 

Tlie lightning arrester should always be so connected that in pass- 
ing from the line to the apparatus the arrester Is reached lirat, llie choke 
coil second, and the condenser, if one Is uued, third. 

JuKif/iftioi). On account of its nature, a liglitiiing arrester is 
evidently exjxiaed to severe potential strains, consequently all live 
[►arts iiinst be well insulated. On arresters for low voltages it is 
not a diHicult matter to secure proper insulation, as the construc- 
tion of tlie arR'ster itself affords prott-ction. On liigbvoltage 
arresttsrs, however, proper insulation is a more ditficnlt matter. All 
arresters are marble or porcelain inonnted, the marble or |>orcelain 
serving as uu insulating support for the arrester. <Ju circuits ex- 
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cwxling 5,700 volts, to obtain further insulation, the marble or 
porcelain bases should be mounted on wooden supports, well dried 
and shellaced. For 18,000 volts and above, the bases or panels 
should receive additions! insulation from porcelain or glass insula- 
tors used as Bupports, 

Two high-voltage arresters attached to different Hue wires 
should not be placed side hy side without either a barrier or a con- 
siderable Bjwice between them. 

(iritinish. Too much importance cannot be attached to the 
making of proper connections to ground. The wire to ground 
should be as short and straight as possible. 

It is obvious that a poor ground connection will render ineffec- 
tive every effort made with choke coils and lightning arresters to 
drive the lightning discharge to earth. It is, therefore, important 
to construct a good ground connection, 

A good ground couuectiou for a bank of station arresters may 
\y» made in tbe following manner: 



First, dig a bule four feet B(|Uare directly under tbe a 
permanently damp earth has been reached; secund, u>ver the bottom of 
Ibis hole with crushed charcoal (about pea size) ; third, over this lay lU 
Hi|uare feet of No. 1<; tinned copper plate ; fourth, solder the ground wire, 
preferably No. copper, securely acroaa the entire surface of the ground 
plate ; lifth, cover the ground plate with cruabed charcoal ; and, sixth, fill 
the hole with earth, using running water to settle. 

The above method of making a ground connection is simple, 
and baa been found to give excellent results, and yet, if not made 
in proper soil, it will prove of little value. Where a mountain 
stream is conveniently near it is not uncointnon to throw the 
ground plate into the bed of tbe stream. This, however, makes a 
poor ground connection, owing to the high resistance of the pure 
water aud the rocky bottom of the stream. Clay, even when wet. 
rock, sand, gravel, dry earth, and pure water are not suitable mate- 
rials in which to bury the ground plate of a bank of lightning 
arresters, Eich soil is the best. It is therefore advisable, before 
installing a bank of choke coils and lightning arreatera, to select 
the Iwst possible site for the lightning arrester installation, with 
reference to a good ground connection. This may often be at some 
little distance from the station, in which case it is, of course, 
necessary to construct a lightning arrester house. Where perma- 
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nent dairipnt^ss cannot be reached it ie recommended that water Ite 
supplied to the ground through a pipe from Bomeconvenient aource. 

When possible, a direct connection to an uodergpound pipe 
Bjateui, especially of town or city water mains, furnishes a very 
excellent ground on account of the great surface in contact with 
the earth and the numerous paths for the discharge. In a water- 
power plant the ground should always include a connection to the 
pipe line or penstock. 

Iiinjiectioii. Ab the effectivenese of the arrester is of great 
importance, it should be inspected from time to time and the resist- 
anceB and earth connection tested for open circuit. 
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